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How to accelerate charged particles

1V
+e

Kinetic energy of a charge +e (1.6 × 10−19C) accelerated by 1 V
𝐸 = 1 eV

Modern science ≫ MeV (Neutrons>1GeV, hard X-rays>10GeV, Higgs boson>125+90 GeV)
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Confine electromagnetic waves inside RF resonant cavities
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Charged particles synchronized with RF can be accelerated

𝛻 ⋅ 𝑬 = 0

𝛻 × 𝑬 = −
𝜕𝑩

𝜕𝑡
𝛻 ⋅ 𝑩 = 0

𝛻 × 𝑩 =
1

𝑐2
𝜕𝑬

𝜕𝑡

+ boundary conditions



𝜆(𝑇) is predicted by BCS
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Surface reactance

𝑋𝑠 ≡ Im
𝐸𝑥 𝑧 = 0

0׬
∞
𝐽𝑥 𝑧 𝑑𝑧

~𝜔𝜇0𝜆𝐿

→ 𝜆(𝑇) =
𝑋𝑠(𝑇)

𝜇0𝜔

𝜎𝑁 𝜎𝑠
Phase 
shift 𝜋/2

Gorter Casimir expression [two fluid; 𝜆 𝑇 ~𝑛𝑆(𝑇)]

𝜆 𝑇 ~
𝜆0

1 − Τ𝑇 𝑇𝑐
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Approximated expression

𝜆0 = 𝜆𝐿 1 +
𝜋𝜉0
2𝑙

Change in penetration depth causes effective 
change of the cavity size 

 resonance frequency is affected
𝚫𝒇(𝑻) ∝ 𝚫𝝀(𝑻)

ESS prototype 
spoke cavities

AM, WV Delsolaro, 
SUST 32 025002

BCS

Two fluid 
circuit model
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Strange phenomena in Nb-sputtered cavities

HiPIMS 1.2 GHz

• A strange overshoot was observed in some Nb-
film cavities at CERN

• No similar phenomena in standard clean bulk 
niobium such as ESS cavities was observed

HIE-ISOLDE 100 MHz

Niobium sputtered film

Copper



Doping in bulk niobium
arXiv:2103.10601

https://arxiv.org/abs/2103.10601


Doping in bulk niobium
arXiv:2103.10601

𝑅𝑠 𝑇 =
𝐺

𝑄0 𝑇

𝑋𝑠 𝑇 = −
2𝐺Δ𝑓 𝑇

𝑓
+ 𝑋𝑛

𝜎1 𝑇 =
2𝜔𝜇0𝑅𝑠𝑋𝑠

𝑅𝑠
2 + 𝑋𝑠
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Generate coherent peak in 𝜎1 𝑇 as a function of impurity 
Microscopic (?) theory in arbitrary impurity?

https://arxiv.org/abs/2103.10601

