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OUTLINE

 (Goal and idea behind PTOLEMY

» Effects of quantum uncertainty

* Conclusion
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INTRO

 What we do know about neutrinos:

they are massive well measured Aml.2

cosmic neutrino background
should be out there
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INTRO

 What we do know about neutrinos:

they are massive well measured Aml.z

cosmic neutrino background
should be out there

 What we don't know about neutrinos:

absolute mass scale mass ordering
(m, < 0.8 eV) (mlight ~ m, or m,)

SR SNt U re  Physi.i =2022,: '2105.08533]

cosmic neutrino background
ellilelociseeh
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DECAY AND CAPTURE

* Tritium has the largest product of lifetime and capture cross section

H = "Het + e + T
(Q = 18.6 keV)

v, +°H — Het + e
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DECAY AND CAPTURE

* Tritium has the largest product of lifetime and capture cross section

H = "Het + e + T

v, +°H - *Het + e~

(Q = 18.6 keV)
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DECAY AND CAPTURE

* Tritium has the largest product of lifetime and capture cross section

H = Het +e™ + 1,
(Q = 18.6 keV)

v, +°H — Het + ¢

 For atomic tritium In vacuum: 10 1

measure m,, fromhere % 1w |

(need high rate) 2 106\ 7 %
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DECAY AND CAPTURE

* Tritium has the largest product of lifetime and capture cross section

‘H > 3Het + e + T
(Q ~ ]18.6 |<e\/)

v, +°H = 3Het + e

L] I w ] 7

* For atomic tritium In vacuum: 107F i

101+ |

measure m,, fromhere % 1w ]

5 = 6\ -

(need high rate) Z 1 |
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smoking gun for cosmic  * e 1] 4

neutrino background 10°- g
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PTOLEMY: THE IDEA

» PTOLEMY aims at a high event rate and a small energy resolution
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High event rate

* Distribute the tritium on a solid state substrate (e.g. graphene)

[see Bettli et al. — Nano Le i s

Angelo Esposito — IAS 5 33rd Rencontres de Blois, May 2022



PTOLEMY: THE IDEA

» PTOLEMY aims at a high event rate and a small energy resolution

High event rate

* Distribute the tritium on a solid state substrate (e.g. graphene)

» Prevents formation of 7, molecules
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PTOLEMY: THE IDEA

» PTOLEMY aims at a high event rate and a small energy resolution

High event rate

* Distribute the tritium on a solid state substrate (e.g. graphene)

» Prevents formation of 7, molecules

* Allows storage of large quantities
of tritium on a small surface

o ~ 0.5 mg/cm?

desired m ~ 10 mg at the early stages
T g Y Sldg

[see Bettli et al. — Nano Le i s

Angelo Esposito — |AS 5 33rd Rencontres de Blois, May 2022



PTOLEMY: THE IDEA

Svwaall enerqgy resolubion

» PTOLEMY aims at using TES detectors with an envisaged resolution
S~ 1).05 ¢V
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PTOLEMY: THE IDEA

Svwaall enerqgy resolubion

» PTOLEMY aims at using TES detectors with an envisaged resolution
of AE ~ (.05 eV

« However:

|. TES' perform best with energies 0(10 e\/) —» needto

slow the electrons down
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PTOLEMY: THE IDEA

Svwaall enerqgy resolubion

» PTOLEMY aims at using TES detectors with an envisaged resolution
Of AE (5 005 e\/ [see e.g. Lolli et al. — Appl. Phys. Lettu s sy

« However:

|. TES' perform best with energies 0(10 e\/) —» needto

slow the electrons down

2. TES are slow response detectors —»  need to reduce the
number of electrons coming from f-decay
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PTOLEMY: THE IDEA

» Both requirements are achieved with a new electromagnetic filter
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PTOLEMY: THE IDEA

 Both requirements are achieved with a new electromagnetic filter

B
v
“H
first measurement of the energy /
via cyclotron RF emission
(~ 10 ps)
T
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PTOLEMY: THE IDEA

 Both requirements are achieved with a new electromagnetic filter

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]

“H
first measurement of the energy / erﬁer h witHin
via cyclotron RF emission ~ 10 eV from
(~ 10 ps) endpoint
e
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PTOLEMY: THE IDEA

 Both requirements are achieved with a new electromagnetic filter

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]

7 b .'- : : : T
3 B 0 :
ulle - K A el | =
/ -1 4 T 5 | S
‘. / . collimate and
- ; . slow down
first measurement of the energy / en%er f vvith:in
via cyclotron RF emission ~ 10 eV from
(~ 10 us) endpoint
e
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PTOLEMY: THE IDEA

 Both requirements are achieved with a new electromagnetic filter

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]

AV known to 1ppm precision

7 b g1 : | T
3 B 0 :
ulle - K A el | =
/ - s © 5 | S
‘. / . collimate and
- ; . slow down
first measurement of the energy / en%er f vvith:in
via cyclotron RF emission ~ 10 eV from
(~ 10 us) endpoint
EEm e e
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QUANTUM SPREAD

» Distributing tritium on flat graphene has one drawback

spatially localized > uncertainty on = spread Iin final
tritium tritium’s momentum electron energy
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QUANTUM SPREAD

» Distributing tritium on flat graphene has one drawback

spatially localized > uncertainty on = spread In final
tritium tritium’s momentum electron energy

* A simple semi-classical calculation returns

p. - Ap |
EHe My, A-XT

-

spread of inrtial tritium
wave function
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QUANTUM SPREAD

» Distributing tritium on flat graphene has one drawback

spatially localized > uncertainty on > spread In final
tritium tritium’s momentum electron energy

[Cheipesh, Cheianov, Boyarsky — PRD 2021, 2101.10069]

* A simple semi-classical calculation returns

P.- ApT P |
Ly, My, DXy "\/\
/ an order of magnitude
spread of inrtial tritium larger than the wanted
wave function energy accuracy
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QUANTUM SPREAD

* A more accurate calculation for the rate, including different final

states, gives

Angelo Esposito — |AS
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QUANTUM SPREAD

* A more accurate calculation for the rate, including different final

states, gives o
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QUANTUM SPREAD

* A more accurate calculation for the rate, including different final
states, gives

1020 I_| L | T 1 | L | L | L | L | L | L | T | T ]

10181 — B, final free SHet — 3, final bound *He" — (3, 3H unbound ~ _]
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A POSSIBLE SOLUTION

 Jo reduce the quantum spread we need to delocalize the Inrtial

tritium (Ax; ~ few A should be enough) —»  tryto realize an

approximate momentum eigenstate
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A POSSIBLE SOLUTION

» Jo reduce the quantum spread we need to delocalize the Initial

tritium (Ax; ~ few A should be enough) —»  try to realize an
approximate momentum eigenstate

» One proposal: hydrogenated carbon nanotubes — rerouenr — 2203.11228,

A

this direction

’_.\; confined in
sy X )

w M'
< >
free to move In this direction
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A POSSIBLE SOLUTION

* Preliminary studies show that this Is a feasible solution

* When passivated with hydrogen, the nanotube potential looks like

\ ‘ [ ’ | ‘ \ ‘ \ ' |
potential along the axis

ol —— Initial S =0
I [nitial S =1 ‘
_1} Forced S =1 {

| \ ! \ ! | \ \ ! \ ! | I \
1 2 3 1 o 6 7 8

distance between tritium atoms (A)

e
external B-field could also prevent the formation of

molecules if two atoms are in the same nanotube
Angelo Esposito — IAS | |
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A POSSIBLE SOLUTION

* Preliminary studies show that this Is a feasible solution

* When passivated with hydrogen, the nanotube potential looks like

- T B — L
T potential along the axis R
: 51
= ?
= 1 T
oF — Initial S =0 i
: Initial S=1 1 50
_ 1} Forced S =1 { i
L T 2k
1 2 3 4 5 6 7 3 —

distance between tritium atoms (A)

distance from the axis (A)

e e
external B-field could also prevent the formation of

molecules if two atoms are in the same nanotube
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CONCLUSION

» PTOLEMY aims at constraining the neutrino mass and at hunting for

the cosmic neutrino background
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CONCLUSION

» PTOLEMY aims at constraining the neutrino mass and at hunting for
the cosmic neutrino background

» Possible with a new way of storing tritium (solid state substrate) and

brecisely measuring the electron energy (electromagnetic filter)

» Because of quantum spread the substrate must be carefully chosen
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CONCLUSION

PTOLEMY aims at constraining the neutrino mass and at hunting for
the cosmic neutrino background

» Possible with a new way of storing tritium (solid state substrate) and

brecisely measuring the electron energy (electromagnetic filter)

» Because of quantum spread the substrate must be carefully chosen

pecupe sy S Chelanov, "Boyarsky . PRP 2021, 210110069 PTOREMYS S22 (IS Enzes

* More things to Investigate: Final state effects! Other emitters?

RIS Tt NS s Rov — PRI 2:022,1 2.1 08T U35 95 WTan e @ heikalesas=
2202.07406; Mikulenko, Cheipesh, Cheianov, Boyarsky — 2111.09292]
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CONCLUSION

PTOLEMY aims at constraining the neutrino mass and at hunting for
the cosmic neutrino background

» Possible with a new way of storing tritium (solid state substrate) and

brecisely measuring the electron energy (electromagnetic filter)

» Because of quantum spread the substrate must be carefully chosen

pecupe sy S Chelanov, "Boyarsky . PRP 2021, 210110069 PTOREMYS S22 (IS Enzes

* More things to Investigate: Final state effects! Other emitters?

RS NS ST RO —nPRDI 2:0:22,+ 1121 08 U3eS 95 IWhan A Cheit=lmeo st
2202.07406; Mikulenko, Cheipesh, Cheianov, Boyarsky — 2111.09292]

Thank you for your akbtention’
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BACK UP
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TRITIUM-GRAPHENE
POTENTIAL

- [he tritium-graphene potential 1 concave

sites

s strongly dependent on coverage ,

and curvature of the sheet

convex
sites or

“SpikeS” ’M‘,’ ¢ « v\ Y |
_ 2 [ N , ! |

* For very concave sheets (nanotube)

the potential I1s essentially not
binding anymore

EREiERnichest the coverage the

deeper Is the potential
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WHY HYDROGENATED
NANOTUBES?

* [he reason to passivate the nanotubes with hydrogen Is to prevent
the tritium from sticking to the walls

T T T = T T T T
\ \ 5 \

Naked nanotube Naked nanotube

Vi (eV)

R S T

Hydrogenated nanotube

Vi (eV)

0 —— Initial S =0
- —— Initial S =1

-1k — Forced S=1 —
1 2 3 4 ) 6 7 8 -2 -1 0 1 2
distance between tritium atoms (A) distance from the axis (A)

e ——— ——neetmtmmmmm
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MORE DETAILS ON THE
ELECTRON SPECTRUM

. Two extreme cases for the *Het wave function (near the endpoint)

e Free helium:

Wiy, (X) ~ e M f; ~ eXp (—Ax% Ky, + K, |2>

* maximize the probability when k;, ~ — Kk, —»  probability is

maximum in a region Aky, ~ 1/Ax; —»  large quantum spread

* Bound helium:

We(X) 2 yp(X) = My~ exp (—Axpk]) < 1
* nospread —» butthe event is exponentially unlikely
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