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Chapter 8

Screening effects in the
graphene-based relic neutrino
detection experiment

8.1 Introduction.

The detection of the Cosmic Neutrino Background (CvB) is a long standing
highly important scientific goal [95, 209, 240]. Analogous to the CMB, it
carries a photographic image of the early Universe, albeit from a much older
epoch of neutrino decoupling. Indirect evidence for the existence of the relic
neutrinos was found in the observed CvB [82], however, due to the extreme
weakness of the interactions between neutrinos and other forms of matter,
direct detection of the CvB remains a major experimental challenge.

Today it is widely accepted that the most practicable route to the direct
detection of the CvB lies through the measurement of the fine structure of the
B-spectrum of a radioactive element [84-87, 95]. The main challenges are: the
weakness of the signal which can be only compensated by the large amounts
of the radioactive atoms (at least 100 g in order to achieve one event per year
in the case of atomic Tritium) and the need in the extraordinary high energy
resolution (50 meV or better) of the experiment.

So far, the only the only known way to overcome these roadblocks is a solid
state architecture where the S-emitters are adsorbed on a substrate [96]. Such
a design can increase the event count by orders of magnitude while preserving
the necessary degree of control over the emitted electrons.

State-of-the-art PTOLEMY experiment [96] that exploits Tritium adsorbed
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on the graphene motivated deeper theoretical studies of the physics of the -
decay in the vicinity of the solid state substrate [91, 241, 242]. It was revealed,
that deposition of S-emitters on a solid-state substrate produces a new intrin-
sic fundamental limitation on the experimental resolution originating in the
zero-point motion of the emitter’s centre of mass [91]. This limitation strongly
depends on the properties of the S-emitter such as its mass and energy released
in B decay. While for Tritium it yields the uncertainty in the spectrum that is
of the order AE ~ 0.5¢V, heavier emitters such as !"*Tm and %'Sm reduce
it by an order of magnitude [91, 242].

Zero point motion is not the only effect that leads to the intrinsic energy
uncertainty [92, 241]. Solid state substrate hosts a whole zoo of elementary
excitations which will affect the intrinsic uncertainty of the detector through
a range of mechanisms. Each of those has to be studied one by one in order
to find the ways to mitigate it.

This paper offers a second step into the physics of the 8-decay of the emitter
bounded to a solid state substrate. After the first and most simple mechanism
of the emitter zero point motion was understood and the ways to mitigate
it were found [91, 242], we proceed to, subjectively, second most simple and
important effect - electromagnetic interaction of the (-decaying system and
substrate. Specifically, we consider two kinds of processes: screening of the
Helium ion by the charges in graphene and promotion of the graphene electrons
from the valence to conduction band by the electric field of the emitted (-
electron.

For simplicity, we assume that the decaying atom is Tritium, although the
calculation can be straightforwardly generalized to the arbitrary atom.

8.2 Defining the problem

Consider mono-atomic Tritium deposited on graphene sheets arranged into a
parallel stack where a clever magneto-electric design is used to extract and
measure the energy of the electrons created in the two S-decay channels.

SH — 3He + e + 7
Ve +°H — 3He + e (8.1)

As a result of these processes, a Helium ion is formed and a [-electron is
emitted. Both the ion and the emitted electron interact electromagnetically
with each other and with the surroundings, namely graphene substrate. While
the former is also present in the vacuum and its effect is accounted for in what
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we call the “bare” S-decay spectrum [230], the effect of the latter two on the
bare spectrum has to be evaluated. Let us try to do it treating each of them
independently:

1. Electromagnetic interaction of the Helium ion with the substrate. Con-
version of the tritium atom into Helium ion acts as a sudden creation of
the charged impurity that brings the electrons in graphene out of equi-
librium. The corresponding rearrangement of the charges Q(7,t) (see
Fig. 8.1) leads to a higher charge concentration near the impurity that
would effectively screen it. This reduces the interaction strength between
the emitted (-electron and Helium ion thus changing the S-spectrum.

2. FElectromagnetic interaction of the emitted [-electron with the substrate.
Before reaching the detector, emitted [-electron can scatter on the elec-
trons in graphene promoting them from the valence to conduction band.
Each of such processes is accompanied by the energy loss of the emitted
electron equivalent to AE = vp(|p|+]|p|’), where p, p’ are respectively the
initial and final momenta of the electron in graphene thus also changing
the [-spectrum.

e
3He+ [* )

®

Figure 8.1. Schematic picture of screening mechanism in the graphene after the g
decay of the Tritium bounded at the distance d from the substrate. As a result, a
Helium ion is formed that leads to the rearrangement of the charges Q(7,t) in the
graphene. These charges screen the potential of the ion therefore performing work on
the emitted [-electron.

Both of the processes described above have stochastic character (screened
charge Q(7,t) can have quantum fluctuations while the scattering of the elec-
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tron on graphene is intrinsically probabilistic) which means that the change in
the energy of the emitted -electron is described by some distribution function
F(-) and the initial S-spectrum G(-) changes to

G(E.) = / deF(e)G(E. + ¢) (8.2)

if one is to account for the corresponding interaction process.

For simplicity, we discuss both the screening and electron scattering pro-
cesses independent from all the other effects such as zero point motion, etc. [91]
and independent from each other. So, G(-) is taken to be the one for the elec-
tron emitted by a free Tritium atom at rest.

8.3 Charge screening effects

Let us start from studying the effect of the screening of the Helium potential by
electrons in graphene. In this case, the distribution function F(-) in Eq. (8.2)
corresponds to the distribution of the work performed by the induced charge
Q(7,t) on the S-electron.

In this work, however, we are only going to calculate the average work
(W (E,)) that is a purely classical contribution leaving out the calculation of he
quantum fluctuations for the future studies. Large values of the average work
((W(E,)) Z my) is going to be a signal that quantum mechanical fluctuations
should be also taken into account. We also neglect the back-reaction of the
induced charge on the ion assuming that it is fixed.

First, we make a dimensional estimate of the classical screening effect. The
only dimension-full parameters relevant to this problem are:

1. Distance from the graphene substrate to the atom d ~ 3 A
2. Fermi velocity in graphene vp ~ 10 A fs7!.
According to it, the typical time scale Tielax at which the electrons in

graphene would screen the Helium ion can be estimated as

d
Trelax = — ~ 0.3 x 10719, (8.3)
VF
During the relaxation time 7ye1ax, the electron will fly away on the distance
A = VgTrelax, Where vg is the typical velocity of the $-electron. For region of
our interest that is the end of the 8 spectrum it that can be estimated as
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Up 2@ U Voo
—= |—= |1 — ~— ~0.27 8.4
c MeC? + Q c ’ (84)
—~—
~0.001

where ) = 18.6keV is the energy released in the S-decay and U is a Coulomb
potential from the Helium ion that electron feels right after the decay.

This means that at the moment when the Helium ion is fully screened by
the charges in the graphene, S-electron will fly away on

A\ = UgTrelax ~ 243 A. (8.5)
The difference in S-electron energy compared to unscreened case AE, is

7 2
AE, = kTe ~ 59 meV (8.6)

We see that already the classical effect of the charge screening in graphene
leads to a significant shift in the S-electron energy AFE, 2 m, that is compa-
rable to the size of the energy gap that we want to measure.

The full quantum-mechanical calculation for the case of the perpendicular
emission was also done using the linear response theory (see Appendix ?77).
The average work performed by the induced charge on the S-electron emitted

with the velocity v, is

~0.5eV
2

W(w) = o W (2], (8.7)

Ve
where W (f)—f) is defined by Eq. (8.21) and shown on (see Fig. 8.2).

For the [-electron at the edge of the spectrum (E. = Q), Eq. (8.7) yields
(W(E. = Q)) ~ 75meV. Thisresult is in a very good agreement (same order of
magnitude) with the one that we have obtained with the simple estimate (8.6).
We also see that the parameter that defines the relaxation time is indeed Fermi
velocity in graphene vg. The energy dependence of the work has the form of
zeroth order Bessel function of the first kind (W (E,)) ~ Jo (wE r/ Ee:c) (see
Fig. 8.2).

We emphasise, however, that despite the fact that the uncertainty in the
energy of the g-electron at the edge of the spectrum is rather big as compared



Chapter 8. Screening effects in the graphene-based relic neutrino detection
134 experiment

0.6

0.5

0.4

=03

0.2

0.1

0.0 --- edge of the spectrum

0.0 002 005  0.08 0.1 012 015 018 0.2
Vf
Ve

Figure 8.2. Average work (Eq. (8.21)) performed by the induced charges in graphene
on the emitted S-electron depending on the ratio of the Fermi velocity in graphene
vp = 0.3 x 1075 to the velocity of the 3-electron v,.

to the required energy precision, AFE, ~ 75meV 2 m,, it is not the right
quantity that determines the final energy precision of the experiment. Instead,
one should look at the functional dependence of the (W (E,)), namely at the
derivative like d(W (E,))/dE, since it determines the relative shift of the points
of the spectrum. For example, if d(W(E,))/dE, = 0, the whole spectrum will
just shift and the energy gap between the bulk 5-decay spectrum and neutrino
capture part will remain unchanged.

_ 7 dW(y)
2F, dvy

where we denoted v = \/Er/FE.. For the edge of the spectrum,

[dW (Ee)]

dE,, (8.8)

AW (Ee)|/dEe|, _ ~ 107°.

This means that all the energies simply get “shifted" by the same amount and
the gap in the spectrum does not disappear.

To conclude the analysis above, the classical screening effects in the graphene
substrate appear to only lead to the total nearly constant energy shift of the
end of the spectrum. This shift should be back-engineered and does not lead
to any limitations on the energy resolution of the experiment.

Nevertheless, since the classical (mean) part of the work distributing ap-
peared to be rather big, one needs to also study quantum charge fluctuations
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o(W) = (W?) — W2, As opposed to the classical effect, these lead to the
irreducible changes in the spectrum. We leave the latter for future studies.

8.4 Electron-hole pair creation

The other electromagnetic effect that we consider in this work is the scattering
process where the electron in graphene is promoted from the valence to the
conduction band with possible momentum transfer p — p’. As a result, 3
electron changes its momentum as well pg — ﬁ’ﬁ.

Let us first estimate the average number such processes N that will hap-
pen until the S-electron will leave the system. Using the Fermi Golden Rule
(for the full calculation see Appendix ?7), we obtain

me (5?1 o 5 1 cos (9() — old + B)
Nee = m( >/ o ot — A+ ) (82)

where - = \/meve (9] + 7+ 71) — (7= 75) + P2,

For the B-decay of Tritium, the typical velocity of the emitted electron
is v = 0.3c. We use system of units, where ¢ = 1, m, = 1 (and so ke? =
144eVA =75-1073 and vp = 10 A fs7! = 3.3-1073). We see that v, > vp,
so let us for simplicity re-scale everything introducing @ = ¢/ve, W = p/v. and
write down an approzimate simplified expression

Ny (0) =——55— x 1(9)
Pud?w L= 08 (p(@) — (i + @) |
/ cosH —8(0,4,7))% + u?)?’ (8.10)

where 0 is the emission angle with respect to the perpendicular to the graphene
and d(u, W) = \/0 01(|w| + |u + w]) — (u sm&””)2 +1 (8'% is a projection of
the initial S-electron velocity vector on the graphene plane).

It can be seen that the integral in Eq. (8.10) has both UV and IR diver-
gences. However, one can introduce two natural cut-offs:

o IR cutoff that is defined by the system size (0.4-10~'2 for the system-size
of 1m).

o UV cutoff that is defined by the graphene lattice spacing (1/a = 1/(2.46 A) =
1.5-1073).
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Figure 8.3. Red line: probability that the emitted electron will create a particle-hole
excitation in graphene before it leaves the detector as a function of the emission angle
6. The velocity of the emitted electron is 0.3c. Blue line: value of the integral 8.10
for the same parameters. The solid and dashed lines correspond to different infra-red
cut-offs that are defined by the size of the detector.

8.5 Conclusions

Solid state materials host a whole zoo of elementary excitations which will
affect the intrinsic uncertainty of the detector through a range of mechanisms.
For example, the sudden emission of an electron from a beta-decayer leaves
behind a positively charged centre which attracts the electric current carriers
in of the substrate. This effect results in what is known as the X-ray edge
anomaly - a gamma-shaped broadening of the emission peak [92]. Other effects
include the creation of vibrational excitations of the lattice, distortion of the
spectrum due to the interaciton of the beta-electron with its image charge,
creation of shock wave emission due to the motion of the emitted electron at
grazing angles at speeds exceeding the Fermi velocity, emission of plasmons
and surface polaritons. The investigation of all these mechanisms and finding
ways of mitigation requires a close collaboration between high-level experts in
both theoretical and experimental solid state physics and may lead to further
modifications of the experimental architecture.
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8.6 Appendix: Average work performed by the elec-
trons in graphene on the emitted [-electron

Define Q(r,t) to be the total charge that has flown into the circle of radius r
during the time ¢ (See Fig. 8.1). For simplicity, we restrict ourselves to the
case when the electron is emitted perpendicular to the substrate. Due to the
rotational symmetry, it only depends on the absolute value of the distance r.
Then, the total electrostatic potential at the point 7 (see Fig. 8.1) is

Prot (7 1) = Pbare(r) + kQ(:’ ) , (8.11)

where Ypare(r) = —ke/\/r? + d? is the electrostatic potential of the bare He-
lium ion at he corresponding point. Performing the Fourier transformation
gives:

Vtot (¢, W) = Poare(q) + 27k /OOO drJo(qr)Q(r,w), (8.12)

where J,, () is n'" Bessel function of the first kind.

The total electrostatic potential (8.12) can be also deduced from the re-
sponse function of the graphene on charge impurity, so-called polarization
operator Il(w, q) or, alternatively, its dielectric permittivity e(w, q) [128]:

_ 1 o @bare(‘])
Prorliend) = Poowe (@) —T(w,q)  elw, @) (8.13)

The form of the polarization operator (or dielectric permittivity) depends on
the type of the relaxation we are considering. We consider intrinsic (undoped)
graphene where two valleys are independent, so no intra-valley scattering. In
this case, the random phase approximation approach gives the following results
for the polarization operator and dielectric permittivity [243]:

q2
(g, t) = gJo(Uth) (8.14)
e(g,t) = (5(75) + ozrqe_quO(Uth)> : (8.15)

where v is the Fermi velocity in graphene and a = ke?.
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By requiring Eqns. (8.12),(8.13) be self-consistent, we can calculate the
induced charge Q(r,t):

(pbare(Q) 1 - 00
o7k (g(%q) - 1) —/0 drJo(qr)Q(r, w) (8.16)

Using the orthogonality identity for Bessel functions [;° zJo(uz)Jo(ve)dr =
%(5(1} —u) and the fact that @pare(q) = —e~ 9% x 2wke/q, we find:

Qlr,w) = e/ooo re”9%Jo(qr) <1 — ) dq. (8.17)

e(w, q)

The induced charge (8.17) creates repulsive Coulomb force Fi,q acting on
the B-electron that is flying away from the surface. Let us restrict ourselves to
the case where the electron is flying away perpendicular from the surface. We
believe that the result will be the same up to a pre-factor of order one for any
emission angle due to the nature of the process. In this simplified case, due to
the rotational symmetry, the force is perpendicular to the substrate and has
the following magnitude:

0rQ(r, t)dr
(r2 + (h+d)?)3/2’

Fina(h) = ke(h + d) / (8.18)

where h = wv.t is the distance from the electron to the Helium ion. The
corresponding work performed by the induced charge (8.17) on the 3-electron
is:

(W (E,)) = /0  dhFoa(h), (8.19)

where we have neglected the deceleration of the electron. This is justified for
the electrons near the edge of the spectrum !. Plugging in all the expressions,
we obtain the final result

!The initial velocity vo of the emitted electron is related to its velocity on infinity veo as

follows:
[ 2ke? 1 0.18 x 107*¢?
o = 1— - = 1] - -— 8.20
v vo med vZ vo v2 ( )

~———
8

Since vg ~ 0.3¢,§ K 1, 80 Voo & Vo.
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~0.5eV

W) = ooy (2F)
W (UF> _ /Ooy (1 e 2y)e*2y) o (ZFy) dy /O‘X’ (Jo(z) = w/i(2)) .

Ve 0 e (22 + y2)3/2
(8.21)

8.7 Appendix: Cross section of the process of the
electron-hole creation in graphene

We denote dw;_, ¢ - the probability per unit time of the following event: /-
electron with the momentum pj scatters with the electron in graphene that
is in the valence band having momentum p. After the scattering, S-electron
changes its momentum to ﬁﬁ and the electron in graphene is promoted to the
conduction band with momentum p’. According to the Fermi Golden Rule, it
is equal to

2
[ s (wp(al 70| W5 7,2 1, ) |

¥ -5} o\ VSR,
s28_26 _
< (Do ol 1)) “
(8.22)

dwi— (P, P50, 0') = 4w

where the additional factor 2 is accounted for that comes from the summa-
tion over the valleys in graphene. We assume that the intial S-electron has
fixed chirality therefore it does not contribute to the sum. Writing down the
interaction potential explicitly

(8.23)
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where Fourier decomposition for field operators of the S-electron (ngb) and elec-
tron in graphene (1)) are 2

Z/OO d3k _ L sk (As (k) +d° (- E)) (8.24)

,/2VE~

me’?ﬁﬁ (agu“(ﬁ) + Biﬁva(fp)) : (8.25)

~ . o p
The initial and final states are
i) =chy [FS),  [os) =)y albp |FS). (8.26)

Plugging everything in and treating S-electrons in the non-relativistic limit
we arrive at

\/E E—-/ \/2/2 [7)2

30 420 12
PE — 13 | @pgdipidep
- — 2
x & ( o, vr (1P + 1P \)) @) (8.27)
The integral can be evaluated to be
s e[ @ ) 5 e
Dis (P 03 P3: V) = 7 (”e) T e ol e 2[LF
((pg Ps )%+ (Pﬁ ) ) B
2 _ 2 3,/
P —Ps _ J ) 4 PadP
) ( 2me VF (‘p’ + |p5 + pﬁ |) W (828)
The spinors of the S-electron are
a(pg) = /2E5,X, where X1 = (0,0,1,0),x- = (1,0,0,0), (8.29)

2We note that we distinguish electrons in graphene and S-electron. Namely, no exchange
can occur.
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where X denotes chirality. The spinors of the electron in graphene are

ua<p>=j§<@eip(p> ) va<—p'>=¢1§(_a;¢(p/)> (8.30)

with ¢(p) = arctan (p,/p.). So, we arrive at

(27)3S (He2>2 1= cos ((B) — p(@ + 7 73))
4 ((pk — P5)2 + (0 — p))2)?

3./ J2
P —ph 4y EPedp
X 0 ( 2, (|p’ + | + P — Pg |) @) (8.31)

where go(E) denotes the angle in the polar coordinate system of the vector
k. The total probability per unit time of the transition into any final state
can be obtained by integrating over all final states

dP _(2m)*Sm, ( 2)2/ d*qd®p 1 — cos (p(p) — (7 + D)) (8.32)

a Vv @2m)* pi((pg — pF)? + ¢%)?

where § = f, — 5 and p-(§.7) = \/mevr (|5l + |7+ 7)) — (7 75)? + p% due

to energy conservation. In other words, the inverse time of a single interaction
T is

1 (27)*Sm, (mz)Z/ d?qd?p 1 — cos ((p) — (7 + 7))

i} et s e O

T 14

If the typical time that electron spends in the setup is tmeasure = L/v1 =
V/(Svy), where v, is the perpendicular component of the electron velocity

then during this time electron will experience Ngc = tmeasure/7T number of
events
2\ 2 -
1
N, =T (E /d2qd2p /COS( ©(P) — (g tp;)) (8.34)
vy \ 27 P (g — )% +4?)

where p§(3.5) = \/mevr (71 + 7+ 1) — (7~ 7)) + 03
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