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high-energy physics and radioglaciology

I. Radioglaciology
A. Using radio waves (< 1000 MHz) to probe ice

properties
B. RF properties of ice

i. Attenuation (absorption, scattering)
ii. Reflections
iii. Index of refraction profile

II. Specific Results found as part of the ARIANNA program
A. Thickness
B. Attenuation
C. Reflection

III. Surface Propagation
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rf properties of ice
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rf properties of ice



rf properties of ice - basic facts

I. Index of refraction, n: v = c/n, usually take n = n′ + in′′

II. Dlelectric constant, ϵ: ϵ = ϵ′ + iϵ′′

III. n =
√
ϵ

IV. Propagating E-field in free space: E = E0 exp (i(kz− ωt))
V. The wavevector is k = 2πν/c in free space
VI. Propagating E-field in dielectric medium:

E = E0 exp (i(nkz− ωt))
VII. The wavevector is k = 2nπν/c in dielectric medium
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rf properties of ice - derivation of attenuation length

ϵ = ϵ′ + iϵ′′ (1)
n ≡

√
ϵ = (ϵ′ + iϵ′′)1/2 (2)

n ≈
√
ϵ′(1+ i/2 tan δ) (3)

n′′ = ℑ{n} ≈ 1
2
√
ϵ′ tan δ (4)

k =
2πν
c (5)

L−1 = n′′k =
π

c
√
ϵ′(ν tan δ) (6)

NL(dBkm−1) = 8686.0L−1 (7)
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rf properties of ice - the debye relaxation model

ϵ(ω) = ϵ∞ +
∆ϵ

1+ iωτ (8)

∆ϵ = ϵs − ϵ∞ (9)

tan δ =
∆ϵ(ωτ)

ϵs + ϵ∞(ωτ)2
(10)

(11)

For high-frequencies such that (ωτ ≫ 1)

tan δ ≈ ∆ϵ

ϵ∞
(ωτ)−1 (12)

ν tan δ ∝ ω tan δ = const (13)
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rf properties of ice - matsuoka, fujita, mae (1996)
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rf properties of ice - ν tan δ and the relaxation time

tan δ ≈ ∆ϵ

ϵ∞
(ωτ)−1 (14)

But the Debye relaxation time τ is inversely proprotional to a
molecular transition rate, which depends on temperature via
the Boltzmann distribution:

τ = A exp(Ea/kBT) (15)

Thus, attenuation length depends on ice temperature:

L ≈ 2cA
πn

ϵ∞
∆ϵ

eEa/kBT (16)
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rf properties of ice - ν tan δ and the relaxation time
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rf properties of ice - reflections

Reflections occur when there are two different indexes of
refraction:

|
√
R| = 1− n2/n1

1+ n2/n1
(17)

Let α = ϵ′′2/ϵ
′
1, tan δ2 ≫ 1, and tan δ1 ≈ 0. This yields:

|
√
R| ≈

(
1+ α−

√
2α

1+ α+
√
2α

)1/2

(18)

Thus, for a situation like ice over the ocean, |
√
R| ∼ 0.4− 1.
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rf properties of ice - index of refraction profile

To solve for the ice thickness in terms of the reflection time:

c∆t
2 =

∫ dice

0
n(z)dz (19)

The Schytt model:

n(z) = 1.78 z ≥ Df (20)
n(z) = nice −∆n exp(z/z0) z < Df (21)
∆n = ns − nice (22)

Knowing dice independently allows determination of
attenuation length and reflection coefficient.
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rf properties of ice - putting it all together

VC(ν) = V0/dc (23)

Vice(ν) =
√
R V0
dice

exp
(
− dice
L(ν)

)
(24)

L(ν) = dice
ln((VC(ν)/dc)/(

√
RVice(ν)/dice))

(25)
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specific measurements made as part
of the arianna program



rf properties of ice - index of refraction profile

Depth (m)

140− 120− 100− 80− 60− 40− 20− 0

n(
z)

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

(z)) (ARIANNA 2016)ρMB #1 (n(z) = 1.0+0.86
A-B exp(Cz), B: 0.46 +/- 0.01, C: 0.029 +/- 0.002

(z)) (ARIANNA 2016)ρMB #2 (n(z) = 1.0+0.86
A-B exp(Cz), B: 0.481 +/- 0.007, C: 0.027 +/- 0.001
Byrd: Ebimuna et al (1983)
A-B exp(Cz), B: 0.464 +/- 0.006, C: 0.0244 +/- 0.0004
Mizuho: Ebimuna et al (1983)
A-B exp(Cz), B: 0.423 +/- 0.008, C: 0.027 +/- 0.001
SP: RICE data (2004)
A-B exp(Cz), B: 0.426 +/- 0.024, C: 0.014 +/- 0.001
SP: Eisen et al (2003)
A-B exp(Cz), B: 0.481 +/- 0.011, C: 0.020 +/- 0.001
SP: Gow et al (xxxx)
A-B exp(Cz), B: 0.435 +/- 0.014, C: 0.016 +/- 0.001
Bulk ice value (n = 1.78)
Surface value (n = 1.29+/-0.02) (Hanson 2013)
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experimental setup
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rf properties of ice - index of refraction profile yields ice
thickness

17



rf properties of ice - thickness yields attenuation length
(average)
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rf properties of ice - thickness yields attenuation length
(average)
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rf properties of ice - attenuation length measurements yield√
r
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rf properties of ice -average
√
r corrects attenuation

lengths
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surface propagation



surface propagation - potential detector enhancement

If RF waves are able to propagate along the firn boundary in
two-dimdensions, then V(ν) ∝ 1/

√
d (roughly). Also, the

volume goes like 2πrdr, because thickness isn’t changing.
Thus, the ratio of these two numbers goes like

√
r, meaning the

farthest events are the most prevalent. Also,

Vsurf
Vbulk

≈
(ωr
c

)1/2
(26)

Surface signals are larger because the lose amplitude less
easily, and the effect is stronger for high-frequencies.
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surface propagation - experimental test
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surface propagation - experimental results
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surface propagation - attempt to model the data

n cos(α) = const (27)
dα
dt = cos(α) c0

n(z)2
dn
dz (28)

The first equation is Snell’s Law. The angle α is defined with
respect to the horizontal. We can implement this in a model,
with initial RF propgation conditions, and use our knowledge
of n(z).
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surface propagation - experimental modeling (robert
lahmann)
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surface propagation - experimental modeling (robert
lahmann)
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surface propagation - experimental modeling (robert
lahmann)
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surface propagation - experimental modeling (robert
lahmann)
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conclusions



high-energy physics and radioglaciology

I. Radio-echo sounding was the tool to do in-situ calibration
of detection ice

II. Quantified the ice thickness, attenuation length vs. RF,
and basal reflection coefficient

III. In agreement with laboratory and field data
IV. Sets the scale of the full detector
V. Journal of Glaciology, Vol. 61 No. 227, 2015
VI. Explanation of surface propagation: RF channeling, no

shadowing effect
A. Other examples of surface propagation being

published
i. Single-frequency, 3km propagation at South Pole
ii. ARIANNA detector and independent pulser
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