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Cavity-Based Haloscope Detectors
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Cavity-Based Haloscope Detectors Cont.



Motivation

• Low frequency searches are well motivated 

(pre-inflation axion scenarios)

• For an empty pill-box cavity of radius Rc, the 

lowest frequency it can reach is 

(P01=2.4048 is the first zero of Bessel 

function J0)
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• Cavity radius is fixed by magnet bore. Can 

we go even lower in frequency than what an 

empty cavity can do?

– What form and quality factors we can 

achieve? 

– Can we achieve a reasonable tuning range?

– What sensitivity/scan rate can be achieved?
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Cavities for Low Frequency Searches: Reentrant Cavity
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Lp

• Reentrant cavities: load the cavity with a movable 

post in the middle

• With the post there will be a TEM-like mode 

dependent on the post length (~quarter wave+stray

capacitance)

• If g<λ →a quarter wave resonator, if g~λ it is more 

like a perturbed pillbox

• Potential

– Wide tuning range

– Operating mode can be the lowest order mode (no 

mode crossings)

• Challenges

– Needs a choking mechanism between the post and 

the cavity to maintain high Q

– Space to move the post outside the cavity

– Rapidly decreasing form factor with increasing post 

length

g



Cavities for Low Frequency Searches: Reentrant Cavity Cont.
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269.9 MHz
C=0.043

552.6 MHz
C=0.475

546.4 MHz
C=0.69

Rp

Lp

Lc

Rc

Rc=210mm, Lc=1000mm
Rp=Rc/2, Lp=Rc

Mohamed Hassan | Dielectric Loaded Cavities for AMDX Low Frequency Searches

TM011 TM010



Cavities for Low Frequency Searches: Dielectric Loaded  Cavity

• How about loading the empty cavity with a dielectric to bring the frequency down?
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fTM010=
𝑐0

2π ε𝑟

𝑃01

𝑅
𝑐

• Dielectric loading shall leave a path for a metallic tuning 

rod to rotate inside the cavity for tuning

• Dielectric loading will lower the cavity frequency depending 

on the loading α1/ ε𝑟𝑒𝑓𝑓

• It will also lower the form factor α1/ε𝑟𝑒𝑓𝑓

• Potential: 

– Can be tuned using the well established rotary tuning 

mechanism with a metallic tuning rod

– Quality factor can be high for low loss dielectric 

materials

– Reasonable form factor for medium dielectric loading 

• Challenges:

– Availability/cost of large/long dielectric rods

– Additional mass of the dielectric rods

ε𝑟
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Dielectric-Loaded ADMX Cavity (420 mm Bore)
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243.53MHz216.78MHz

• How about loading ADMX current cavity 

(Radius= 210 mm) with a dielectric to bring 

the frequency down?

• Assumed εr=10(1-j*5e-6)

Theta f [MHz] C alpha Q C2*Q

0 308.61 0.0992 0.4496 99638 981

10 270.20 0.0748 0.4423 119900 671

20 243.53 0.0756 0.5503 134380 768

30 227.35 0.0816 0.6813 145190 967

40 218.68 0.0884 0.7977 153750 1201

44 216.78 0.0908 0.8337 156090 1287

Rc=210
Rs=115
Rt=25
alpha=C/C0*(f0/f)^2

308.61MHz
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Dielectric-Loading and Form Factor

2/18/202210

empty

εr=2.1

εr=6

εr=10

Cmnp=
| ׬ 𝑬𝒛 𝒎𝒏𝒑

𝒙,𝒚,𝒛 |𝟐𝒅𝒗

𝑽 ׬ 𝜺 𝒙 |𝑬𝒎𝒏𝒑 𝒙,𝒚,𝒛 |𝟐𝒅𝒗

Mohamed Hassan | Dielectric Loaded Cavities for AMDX Low Frequency Searches



Low Freq1 (420mm Bore)

11.1*(1-j*1e-7), Rc=210, N=23, Rs=12.5mm, Rt=35 mm

Theta f[MHz] C alpha Q (1e5)

0 535.899 0.2526 0.3802 2.5681

20 486.6747 0.2005 0.366 3.2392

40 448.2467 0.1995 0.4292 3.8173

60 421.8196 0.2103 0.511 4.283

80 404.2799 0.2243 0.5931 4.6547

100 393.0122 0.2378 0.6654 4.9298

120 386.1824 0.249 0.7218 5.1176

140 382.4497 0.2572 0.7601 5.2253

160 381.0116 0.2622 0.7807 5.2635

180 381.5816 0.2642 0.7842 5.2449
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f=535.9 MHzf=421.82 MHzf=381.58 MHz
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Low Freq2 (420mm Bore)
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f=382.49 MHzf=317.31 MHzf=294.07 MHz

11.1*(1-j*1e-7),  Rc=210, N=70, Rs=12.5mm, Rt=35 mm

Theta f[MHz] C alpha Q (1e5)

0 382.4924 0.124 0.3663 2.3073

20 355.2437 0.1103 0.3778 2.7371

40 332.9443 0.1138 0.4439 3.1083

60 317.3085 0.1225 0.5259 3.3861

80 306.783 0.1322 0.6069 3.5904

100 300.0705 0.141 0.6768 3.7329

120 296.1097 0.148 0.7298 3.8231

140 294.058 0.1529 0.7645 3.8692

160 293.4138 0.1557 0.7818 3.8778

180 294.0666 0.1565 0.7823 3.8521
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Low Freq3 (420 Bore)

11.1*(1-j*1e-7),  Rc=210, N=100, Rs=12.5mm, Rt=35 mm

Theta f[MHz] C alpha Q (1e5)

0 319.7416 0.086 0.3635 2.2122

20 298.3116 0.0772 0.3751 2.6058

40 280.2531 0.0801 0.4409 2.9485

60 267.4678 0.0866 0.5231 3.1939

80 258.6898 0.0937 0.6049 3.3719

100 252.9946 0.1001 0.6757 3.5039

120 249.6412 0.1051 0.729 3.5924

140 247.9135 0.1086 0.7636 3.639

160 247.344 0.1105 0.7807 3.6498

180 247.8156 0.111 0.7811 3.6269
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f=319.74 MHzf=267.47 MHzf=247.82 MHz
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Low Frequency (420mm Bore) 
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Freq [MHz] Range [MHz] KSVZ Scan Rate 

[MHz/day]

#days of scan*

Low Freq 1 381-535 154 ~23.8 ~7

Low Freq 2 294-382 88 ~4.6 ~20

Low Freq 3 248-294 46 ~1.7 ~28

Empty Cavity

23 Rods

70 Rods
100 Rods

f=247.82 MHz

f=294.07 MHz f=381.58 MHz
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ADMX-EFR Conceptual Design

Slide provided by Andrew 
Sonnenschein
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MRI Magnet

• 9.4 Tesla peak field with 800 mm warm bore.

• Can fit cavities up to 650 mm in diameter.

• Was the world’s highest field MRI magnet when it was 

manufactured by GE Healthcare in 2003.

• Length 3.6 m, Diameter 2.6 m, Weight 45 Tonnes, 140 

MJ stored energy.

• High inductance, low current design with persistent 

superconducting current switch.

• Built and inspected in UK to satisfy European pressure 

vessel codes.

• No longer needed for research at UIC. Cannot be used 

to treat patients since 9.4 Tesla MRI isn’t approved by 

FDA

• Has remained cold and at full field since installation in 

2004 at University of Illinois Chicago. 
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Slide provided by Andrew 
Sonnenschein
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Low Freq0 (650mm Bore) – Empty Cavity
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~156 MHz

▪ The MRI magnet bore enables larger cavity size (650 mm)
▪ With an empty cavity, we can cover 153 MHz from 372 to 525 MHz 

Rc=325, Rt=50

Theta f[MHz] C alpha Q (1e5)

0 525.1945 0.766671 1.199708 3.825526

20 496.2777 0.61447 1.076856 4.501951

40 458.4561 0.572693 1.176068 5.184064

60 428.6669 0.578981 1.359976 5.753433

80 406.7047 0.596692 1.557036 6.247303

100 391.121 0.615374 1.736295 6.665678

120 380.5544 0.631171 1.881135 6.999793

140 373.8811 0.642663 1.984372 7.241313

160 370.2442 0.649511 2.04511 7.386115

180 369.0951 0.65177 2.065022 7.43419

f=525.19 MHzf=428.67 MHzf=369.1 MHz
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Low Freq1 (650mm Bore)
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~85 MHz

f=371.87 MHzf=319.96 MHzf=286.43 MHz

11.1*(1-j*1e-7), N=9, Rs=25mm, ds=72mm, Rt=56 mm

Theta f[MHz] C alpha Q (1e5)

0 371.8746 0.2676 0.3487 4.1174

20 353.32 0.2233 0.3223 4.8229

40 334.721 0.237 0.3813 5.2972

60 319.9614 0.2667 0.4694 5.443

80 306.9625 0.2942 0.5628 5.5876

100 297.0303 0.3132 0.6398 5.8579

120 290.6725 0.3273 0.6982 6.0949

140 287.1518 0.3378 0.7382 6.2405

160 285.8146 0.3444 0.7599 6.2966

180 286.4256 0.3472 0.7627 6.2809
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Low Freq2 (650mm Bore)
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f=287.44 MHzf=236.73 MHzf=216.73 MHz

~70 MHz

11.1*(1-j*1e-7), N=26, Rs=25mm, ds=65mm, Rt=65 mm

Theta f[MHz] C alpha Q (1e5)

0 287.4355 0.1485 0.324 3.2257

20 266.0333 0.1275 0.3247 3.8947

40 248.9251 0.1329 0.3865 4.3934

60 236.7313 0.1446 0.4649 4.7129

80 228.0503 0.1569 0.5438 4.9625

100 222.1945 0.1683 0.6142 5.148

120 218.5559 0.1775 0.6696 5.2766

140 216.6341 0.1841 0.7068 5.347

160 216.0721 0.1879 0.7252 5.3639

180 216.7339 0.189 0.725 5.3475

Mohamed Hassan | Dielectric Loaded Cavities for AMDX Low Frequency Searches



Low Freq3 (650mm Bore)
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f=217.91 MHzf=177.23 MHzf=164.59 MHz

~53 MHz

11.1*(1-j*1e-7), N=61, Rs=25mm, ds=57mm, Rt=65 mm

Theta f[MHz] C alpha Q (1e5)

0 217.9015 0.0822 0.3118 2.6267

20 200.2193 0.0732 0.3289 3.0955

40 186.4907 0.0761 0.3943 3.5373

60 177.2288 0.0824 0.4725 3.8868

80 171.2313 0.0893 0.5487 4.1413

100 167.4963 0.0957 0.6147 4.3039

120 165.304 0.1009 0.6654 4.397

140 164.2047 0.1045 0.6988 4.4386

160 163.9751 0.1066 0.7144 4.4382

180 164.5947 0.1071 0.7125 4.4039
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Low Frequency (650mm Bore) 
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Freq [MHz] Range [MHz] DFSZ Scan Rate 

[MHz/day]

#days of scan*

Low Freq 3 162-212 50 0.13 385

Low Freq 2 208-281 73 0.7 101

Low Freq 1 280-368 88 3.9 22

Low Freq 0 372-525 153 17.0 9

f=369.1 MHz

f=164.59 MHzf=216.73 MHz

f=286.43 MHz

Empty Cavity

9 Rods

26 Rods
61 Rods
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*Pure scan time, preliminary projection



Science Reach of Dielectric Loaded Cavities
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650 mm Cavity in 9T
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More Realistic Design

• Using Alumina Rods 

– Has been already used earlier in ADMX in the 2000s runs

– Cheaper than Sapphire

– Q degradation can be tolerated with the large bore cavity in the 

9T magnet for medium loading

• Mechanical design

– Use lever connected tuning rod to minimize leakage/radiation

– Use groves for the dielectric rods to allow differential thermal 

shrinkage (~3 mm between copper and ceramics)
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Preliminary Mechanical Design
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Conclusion

• Dielectric loading can be effectively used to lower the cavity 

frequency

• Tuning can be accomplished with the well-established 

rotational mechanism

• KSVZ limit can be reached in the frequency range 250-500 

MHz using a 420 mm cavity in existing ADMX magnet using 

different dielectric loading

• MRI large bore magnet will enable ADMX to use large 

cavities of up to ~650 mm in diameter

• An empty 650 mm cavity can easily cover the frequency 

range of 370-525 MHz at the DFSZ limit

• DFSZ limit can be reached in the frequency range 165-370 

MHz using different dielectric loading
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Questions
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