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• TASEH CDT045 preliminary run setup and result

• Observations of the Pulse Tube induced effect

• Similar effects reported by other groups

• Where the systematic effect enters – JPA on off experiment

• Quantifying the systematic uncertainty

• Conclusion and Future plan
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Parameter CD102 CDT045

𝑚𝑎 (μeV)/

𝑓𝑐 (GHz)

19.47 – 19.84/

4.71 – 4.80

8.92 – 9.02/

2.156 – 2.180

𝑇𝑠𝑦𝑠 (mK) 2300 350

𝜂 0.69 0.67

𝐵 (Tesla) 7.8 6

𝑉 (L) 0.23 4

𝐶 0.67 0.46

𝑄𝐿 2.0×104 6×103

|𝑔𝑎𝛾𝛾/𝑔𝑎𝛾𝛾
𝐾𝑆𝑉𝑍| 11 3.5

𝑃𝑎→𝛾 = 𝜂𝑔𝑎𝛾𝛾
2

𝜌𝑎
𝑚𝑎

𝐵2𝑉𝐶𝑄𝐿, 𝐹𝑜𝑀 ∝
𝐵 𝑉𝐶 𝑄𝐿𝑡

𝑇𝑠𝑦𝑠

CD102 CDT045



Sampling & frequency resolution

• VNA sampling rate: 2 MHz → 2 MHz analysis span

• Target resolution: ∆𝒇 = 𝟏 𝒌𝑯𝒛 → 𝑇 =
1

Δ𝑓
= 1 𝑚𝑠

Data taking procedure (in each step)

• Perform the JPA on/off calibration, find 𝑮𝑱𝑷𝑨 and SNR improvement 𝜼𝑺𝑵𝑹.

• Acquire data for 40 minutes.

In CDT045, we performed 146 steps + 26 rescans
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B = 6 T

𝑇𝑠𝑦𝑠 ~ 350mK

5𝜎 SNR target was chosen, 

which correspond to a 

candidate threshold of 

3.355𝜎 at 95% C.L.

We can set an exclusion limit 

a factor of 3.5 above the 

KSVZ model. 
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S matrix measurements while ramping the field to 9 T
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When the strong magnetic 

field is applied and the JPA is 

turned on, the S-parameter

and IQ measurements show 

variations, which are 

synchronized to the pulse 

tube operating cycle. 

Fig. Time domain Power data from IQ 

measurement and PT sound record.

Fig. S22 measurement v.s. Time



Overlay all cycles' power time series, smoothed by SG filter
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Pulse Tube sound data
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HAYSTAC – Benjamin M. Brubaker thesis 2018

• A strong modulation of the JPA gain by vibrational fluctuations, initially observed 

when the magnet was first ramped up to a few T.

• Total “chopping” of the gain (i.e., 100% modulation depth), correlated with the 

audible ≈ 𝟏 𝑯𝒛 cryocooler pulses   

• After JPA’s magnetic shielding improvement, the vibrational fluctuations were 

indeed significantly mitigated. 

• The residual vibrational fluctuations were not due to appreciable penetration of the 

magnetic shielding by the external field; instead, some unknown mechanism

through fridge vibrations can modulate the pump power.

• Fortunately, the vibration fluctuations exhibit strong temperature dependence, the 

effect completely disappear if the fridge is never allowed to cool below 𝑇𝑚𝑐 ≈ 100 𝑚𝐾.

B. M. Brubaker, First Results from the HAYSTAC Axion Search, Ph.D. thesis, 

Yale University (2018), arXiv:1801.00835
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With PT off:

Qubit stay at ground state.

With PT on:

Qubit is periodically 

excited to 1st even 2nd

excited state.

Excitation occurs only 

during the gas-flow-in 

phase of the PT cycle

An electromagnet-driven 

hammer reproduces the 

excitations with the PT off 

→ rules out electrical noise 

from the cryocooler
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(1) 40 mins IQ data: we use 40 mins, 240,0000 subspectrum averaged PS, over 3000 up PT

cycles are averaged, PT effect nearly washed out.

(2) System temperature calibration: 𝑇𝑠𝑦𝑠 =
𝑇𝑠𝑦𝑠
𝑜𝑓𝑓

𝜼𝑺𝑵𝑹
, 𝜂𝑆𝑁𝑅: signal to noise ratio (SNR) improvement 
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Amplified signal

Injected signal

Background noise (JPA on)

Background noise (JPA off)

𝑮𝑱𝑷𝑨 =
𝑨𝒎𝒑𝒍𝒊𝒇𝒊𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍

𝑰𝒏𝒋𝒆𝒄𝒕𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍

𝜼𝑺𝑵𝑹 =

𝑨𝒎𝒑𝒍𝒊𝒇𝒊𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍
𝒏𝒐𝒊𝒔𝒆 𝒐𝒏

𝑰𝒏𝒋𝒆𝒄𝒕𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍
𝒏𝒐𝒊𝒔𝒆 𝒐𝒇𝒇

Fig. 1 s averaged power spectrum from JPA on/off calibration
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JPA off: 1-s averaged spectrum 

(Injected signal & noise_off fixed). 

JPA on: 1-ms * 1000 snapshots. 

Each frame = one 1-ms spectrum  

From each 1-ms frame we compute

𝐺𝐽𝑃𝐴 and 𝜂𝑆𝑁𝑅, so we obtain their 

evolution over the full 0-1000 ms 

window.
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Background noise (JPA on)

Amplified signal

𝑮𝑱𝑷𝑨

𝜼𝑺𝑵𝑹

• Amplified signal, noise_on, and 𝑮𝑱𝑷𝑨 all breathe 

together, ~0.8 dB peak-to-peak swing. 

• 𝜼𝑺𝑵𝑹 =
𝑨𝒎𝒑𝒍𝒊𝒇𝒊𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍

𝒏𝒐𝒊𝒔𝒆 𝒐𝒏
𝑰𝒏𝒋𝒆𝒄𝒕𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍

𝒏𝒐𝒊𝒔𝒆 𝒐𝒇𝒇

, signal and noise share the 

same gain, so the PT effect largely cancels in the 

ratio.

𝜼𝑺𝑵𝑹 shows no apparent PT periodic structure —

its fluctuation is dominated by white noise. 

The residual PT effect still exists, but is buried 

under the noise.



• One 𝜂𝑆𝑁𝑅 value = average of 1000 * 1-ms samples in 1-s, how accurate is it?

• If the 1000 samples were independent:

𝜎ഥ𝜂 =
𝜎𝜂

√𝑁
=

𝜎𝜂

√1000
, 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑜𝑓 𝜂𝑆𝑁𝑅 , where 𝜎𝜂 is the spread of the 1000 samples
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N=1000 for 1-s data



• However, neighboring samples are correlated if PT effect exists. Therefore, we separate 𝜎𝜂
into 𝜎𝑤ℎ𝑖𝑡𝑒 and 𝜎𝑃𝑇:

𝜎𝜂
2 = 𝜎𝑤ℎ𝑖𝑡𝑒

2 + 𝜎𝑃𝑇
2 → 𝜎ഥ𝜂

2 =
𝜎𝑤ℎ𝑖𝑡𝑒
2

𝑁
+ 𝜎𝑃𝑇

2

• 𝜎𝑃𝑇 cannot be obtained from 𝜎𝜂 directly. To figure out how PT affects the system, we use 

the data blocking method[1][2], which is for efficiently arriving at the error of the mean 

for time-correlated data.
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indep. correlated

[1] H. Flyvbjerg and H. G. Petersen, "Error estimates on averages of correlated data” , J. Chem. Phys. 91, 461 (1989).

[2] Markus Deserno, “Analytical expressions for the blocking error of exponentially correlated Gaussian data”
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• Compare the measured spread of block means against the pure white noise prediction:

If all samples are independent, 𝑤ℎ𝑖𝑡𝑒 𝑏 =
𝜎𝜂

√𝑏
, so 𝒎𝒆𝒂𝒔 𝒃 = 𝒘𝒉𝒊𝒕𝒆 𝒃 .

If PT exists, the samples are correlated and 𝑚𝑒𝑎𝑠 𝑏 > 𝑤ℎ𝑖𝑡𝑒(𝑏), and the excess gives 𝜎𝑃𝑇. 

• 𝝈𝑷𝑻 can be obtained by:

𝝈𝑷𝑻 = 𝒎𝒆𝒂𝒔 𝒃 𝟐 − 𝒘𝒉𝒊𝒕𝒆 𝒃 𝟐

N

𝐵𝑘=1 𝐵2 𝐵𝑘=𝑁𝑏

symbol meaning

𝑏 Block size

𝑁𝑏 # blocks

𝐵𝑘 k-th block mean 

𝑚𝑒𝑎𝑠(𝑏) Std of 𝐵𝑘

𝑤ℎ𝑖𝑡𝑒(𝑏) Std of 𝐵𝑘 if indep.

𝑟(𝑏) =1 white, >1 cor.

b = 2

𝑚𝑒𝑎𝑠(𝑏) white(𝑏)



• Collect all 𝜂𝑆𝑁𝑅 data and apply data blocking method, take the median over all data for the 

representative trend.
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• 𝑟 𝑏 =
𝑚𝑒𝑎𝑠(𝑏)

𝑤ℎ𝑖𝑡𝑒(𝑏)
.

𝑟 = 1 for pure white noise, 

𝑟 > 1 when correlated

• 𝑟 𝑏 > 1 for reliable b, the correlated 

(PT) component exists. 

• 𝜎𝑃𝑇(𝑏) decreases with b as the PT 

effect is averaged out. At large b, 

too few blocks 𝑁𝑏 make it unreliable.  

*here 𝜎 is relative to 𝜂𝑆𝑁𝑅 (
𝜎

𝜂𝑆𝑁𝑅
× 100%)



• For each cavity step, extract one 𝜎𝑃𝑇 (median over reliable b)

• Two populations appear — due to a different JPA operating point used during the run.

• We conservatively adopt the RMS of the higher region: 𝝈𝑷𝑻 = 𝟏. 𝟖𝟓 % →
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*here 𝜎 is relative to 𝜂𝑆𝑁𝑅 (

𝜎

𝜂𝑆𝑁𝑅
× 100%)

𝜎ഥ𝜂 =
σ𝑤ℎ𝑖𝑡𝑒
2

𝑁
+ 𝝈𝑷𝑻

𝟐 ≈ 2.15%



Conclusion

• Pulse Tube synchronized gain modulation observed in CDT045: ~ 1 𝑑𝐵 peak to trough, 

the induced effect scales with B field and depends on JPA operation parameters.  

• Similar Pulse Tube induced effects reported across axion, quantum computing, 

neutrino communities. 

• Data blocking method gives 𝜎𝑃𝑇 ≈ 2% on 𝜂𝑆𝑁𝑅, contributing to 
𝛿𝑔

𝑔
≈ 2%

Future plan

• Upgrade the magnetic shielding assembly (i.e. add compensation coils, revise JPA 

mounting,  circulator shielding improvement…)

• And your valuable suggestions！
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𝑃o• Calibration is crucial for finding gain of the output signal in the

detection chain and the system noise of the system.

𝑃𝑜 = 𝐺𝑘𝐵Δ𝑓 𝑆11
2 ෨𝑇𝑎𝑡𝑡 + 𝑆10

2 ෨𝑇𝑐 + ෨𝑇𝑎 ,

𝑆11 𝑓 =
𝜅0−𝜅1 /2𝜋+2𝑖 𝑓−𝑓0

𝜅0+𝜅1 /2𝜋+2𝑖 𝑓−𝑓0

𝑆10 𝑓 =
2 𝜅1𝜅0/2𝜋

𝜅0+𝜅1 /2𝜋+2𝑖 𝑓−𝑓0

. 

𝐺 = 𝐺𝑜𝑓𝑓 × 𝐺𝐽𝑃𝐴

• We have a known radiation power near cavity as our calibration source, 

to precisely characterize 𝐺𝑜𝑓𝑓 when the JPA is off. 

• We inject a signal at each step and measure the output power with the 

JPA turned on and off. 𝐺𝐽𝑃𝐴 is determined from the ratio between them.


