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Introduction Signal Processing (continued) Does time-averaged TRLIF agree with conventional LIF?

* We have developed a technique using laser-induced fluorescence (LIF) to measure the time-resolved - For each chunk in each 60 s acquisition:
lon velocity distribution (VDF) In plasma sources that have a relatively constant Fourier spectrum of
oscillations In steady state operation, but do not have periodic oscillations.

Signal modulation is on the order of 1 MHz and we recover the time-resolved signal using a ]‘?ctor Of lpsp —72. : : : : ® F_igure 7 shows that there_ IS no significant error in the
combination of band-pass filtering, phase-sensitive detection, and transfer function averaging [1]. * Transfer function averaging provides the main SNR improvement factor of more than 100. time-averaged VVDF profile from TRLIF data.

This technique Is suitable when there is strong :  The transfer function describes * The average VDF profile from the transfer function
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background signal with a nonwhite spectral density and ; ~—— Amplifier Input Noise the response of LIF signaltoany / o . S Sensitive Function Time technique agrees with the lock-in amplifier to within

— Calculated Johnson Noise Filter

when oscillations are not repeatable enough to use a 10°, discharge current signal. 10KE DItion Averaging 2ol the error of the lock-in measurement.

triggered ensemble average. 10! » \We synthesize the characteristic » The averages of the two time-resolved techniques i l Ml
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A band-pass _fllter centered on the 1-M Hz r_nodulatlon e ; TRLIF signal by multiplying the . | agree to within about 0.1%. | M |
frequency with £10% pass band results in in a SNR 210} average transfer function <H[k]> L[ | : | LR L I R B
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* Phase-sensitive detection with time constant T = 2 us demodulates the signal and improves SNR by a ~Lockin Amplfier VDF Profe

= Average VDF Profile from Transfer Function Average
X Average VDF Profile from Triggered Ensemble Average
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Improvement factor of 15,~53 for the Hall thruster o _; by the spectrum of a discharge
spectral density, or I5,~4 for white noise.

> O : | current trace 15*[n] and Vo ~ Vinlo,)
Phase-Sensitive Detection gives a further improvement

Fig. 7. Time-averaged VDF profiles from lock-in

107 3 amplifier (blue line), transfer function averaging (red

_ transforming to the time domain. ' | ‘+*Y. and tri d bl ‘5’
~ : . 4 _ SNR N\/; ), and triggered ensemble average (green ‘X’).
factor of |, ~2, for a total improvement >100 from 10 + We build up the complete VDF

signal conditioning. i by repeating for all wavelengths. Ty <T<T CoE Does TRLIF capture the expected time-resolved features?

Fig. 1. Noise linear spectral density in LIF signal of a Hall thruster. 107s 105 F

We will apply the new system to Hall thrusters to study breathing and rotating spoke modes (~10kHz). o o8 fom TransterFuncion Averce The TRLIF ion VDF profiles from the two techniques
The system has a bandwidth limit of about 1 MHz, which is sufficient to interrogate such oscillations. Fig. 4. Flowchart of the algorithm for the novel TRLIF technique. e e - are nearly identical.

Relative to other LIF techniques developed for similar studies, our technique using the above : : i N b There Is no syste_matic pattern in the_residual, confirming
combination of signal processing can be faster and more flexible. Validation Argument that the residual is due to random noise and that transfer

» The dwell time used was 60 s per wavelength, compared with several minutes for similar studies using » The strategy is to test both the average VDF profile and time-resolved features by comparing the o function averaging does not introduce a systematic error.

different techniques (and plasma sources) [2],[3]. results of the new technigue with two independent measurements: The mean of the absolute value of the residual is 7% of
: : : : e st e e sweel o) Mo The final SNR was:
reliable phase reference to trigger averaging. In reference [3], for example, measurements were made In i . ok e 1N :
P 99 ging [3] P e A L e T SNR=18 for the triggered ensemble average and
waveform may not be physically meaningful. For example, if the oscillation period varies, then the - Since we compare the same measurements made with independent analysis techniques, any Fig. 8. Heat maps of normalized TRLIF signal asa ., The SNR improvement factor was:
Experi mental Configu ration (middle), and a heat map of the residual between e = 148
Detection Averaging

’ Tlrigge{ipnge;gr %‘:ﬁ;igt;”gr;”rﬁggetigsigfnq‘;ig in:?iﬂecgcs)iagi);’ic!?\idvivr;?htoo ?I;hner ag;/ta?ézgtiec; ' create a » Compare to the VDF profile from a lock-in amplifier integrating over a long time constant e the peak value.
(1) Ou % P J Ut any perid =100 ms (“conventional LIF”). The large t effectively averages the VDF profile in time. b bl R N :':'1.;,,.;;' Anblin
a Hall thruster by periodically turning off the discharge current, which was shown to change the VVDF. » Compare time-resolved features to results from an average over an ensemble of traces triggered 0 20 a0 | :
(2) If the oscillation is not repeatable and triggered ensemble averaging is used, then the average at zero phase in the discharge current oscillation (“triggered ensemble averaging™). SNR. - = 11 for transfer function average
ensemble average waveform will have a unphysically decaying amplitude. - . : function of velocity and time for transfer function —
g PjetiGelly ISR L systematic error that only one technigue introduces will be apparent. averaging (top) and triggered ensemble averaging  |TE — 299 and
- : them (bottom).
Beam Focusing Collimating Fiber /\ Trlggered Ensemble Average PMT Signal Band-Pass Fhase Triggered -
Laser H Samplers |-> —— | T "‘ Collimator _) : .‘,Injection * USing the same data, filtering, and ?{g::;ge it Filter ST Azl 4 ;';T:E;Sef;d ;EZ;?ble"eAfeﬂzge
——— , Optics phase-sensitive detection, traces are il
— ; triggered based on the phase of the - T LIF ] = 1 ZQ:VPMT;[”] Figures 6 and 9 demonstrate that at any given
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Wavemeter Chopper Photodiode discharge current and then an ensemble WMMWWWWWWMWW"M (@ time the VDF profiles differ only by relatively

] of traces are averaged elementwise to | i \ 1 VIV sl e refas,
Opto- | recover the average waveform after oo ) ' Both technigues capture the same general
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that iS the mOSt uncommon art Of the (corresponding to a velocity group in the VDF) Time (s) : o i
Fig. 2. Diagram of the experimental setup. P function average (red "+") and triggered ensemble

e : . : o algorithm and the most open to doubt. i : i i iy
» Power amplifiers in current control mode drive a 10-kHz sinusoidal current oscillation. J P F1g. 5. Flowchart of the post-processing algorithm for the average (green "x").
... : : : triggered ensemble averaging technique. C lusi
« The laser is injected axially and light was collected from outside the keeper plate. onciusion

» The Xe Il transition at 834.953 nm is probed and fluorescence from 541.9 nm is collected. : * Anovel technique to measure time-resolved laser-induced fluorescence (TRLIF) signals was
Signal Processing Example of a time-resolved VDF measurement developed and a system implementing the technique was validated using an orificed hollow cathode.

* Measurements were validated by comparison to independent measurements from a typical lock-in
i i+1 amplifier and from triggered ensemble averaging.

PMT Signa [V] A journal paper detailing the development and validation of this technique is in review [4].

» Experiments are planned to interrogate breathing and rotating spoke oscillations in Hall thruster
plumes.
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Fig. 3. Diagram illustrating the 60-s acquisition 1919 Green Rd. Rm. B107
and the 0.001-s chunks taken from the data. Fig. 6. Animation of the ion VVDF profile in the interrogation volume as a function of time. Ann Arbor, MI 48109




