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Objectives:
° H H _ .
De.SIgn a Smgle c!1annel, 0-D IR Photoconductive BOIOmetry system. The hardware system of the IRVB is almost identical to the R The relationship between the observed temperature and the input power is governed by the 2D
* Build and test this system, compare performance to the 2-D IRVB to IRPB, with the replacement of the optical lens for the camera heat transport equation:
determine feasibility. lens, and the photoconductive sensor for an array of sensors. 10T 9%T 9*T 2
The vacuum hardware and progression of the data from the Qrga = =57 — |5zt vl Qpp [K/m ] (5)

. : . :
Vectorize .aspects of the IRVB analysis code to improve performance. ohysical foil, to the thermal view of the foil, to the region of
* Characterize the performance of several IRVB cameras, across a range interest is shown right.

Kkdt |0x%? 0y

Where (},.,4 is the radiated power onto the foil, {0;is the blackbody power, and « is the thermal
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Power Density

. . 1 i diffusivity (sometimes labeled ). We further expand:
of operating parameters and processing methods. , _ , . . 4 a4
« Explore whv the codes do not correctlv return inout calibration values Three cameras (FLIR A655sc and A6751, and Santa-Barbra Figure 7: SBFP installed on NSTX-U upper bay H.  Figure 8: Partial camera view of Figure 9: A6751 Foil 0 _ P.ad Q.. = (E)O'SB(T — TO) 6)
P Y y P : Focal Plane (SBFP)) were calibrated by heating the Pt foil A: Camera support. B: Foil. C: Aperture to plasma blackened Pt foil through IR window view and length rad ktrAp b ktp
(pictured right) with a 5mW “BlueLyte” diode laser laser over A6751 Hoat Transport Torms, § Bines. T Bined Where k is the thermal conductivity, € is the foil emissivity, asg is the Stephan-Boltzman
Overview of Infra-Red Photoconductive Bolometer (IRPB) a specified range of power ( by adjusting the input voltage Camera Scale factor ¢ vs Voltage 2 Y “_P Resul,;ant """" 2685 AB751 1.3V_0.5Hz, S_Bin=T_Bin=4, Timepoint: .5 [s] constant, and T, is the background temperature.
A The ol hich | from 0.0 to 1.3V ) and frequency, to interrogate relivant 0.4 ; ; ; ; . . . L S';aﬁal Derivative |3 This PDE is solved numerically through the Crank-Nicholson discretization, in which the temporal
' € plasma, whic _ O_OSGS B plasma powers and timescales, respectively. A frame before o 5 | T TSBFP, 0 = .95 = 257 8 Temporal Derivative | 284 | and spatial derivatives are approximated by first order, first and second centered difference
B ane;gy tI’]chcufghl rabdIatllocmtlh' A m and after the laser is turned off is pictured in Fig. 12. s A | T AeTSla =22 g Blackbody Radiation |} | schemes, respectively. The time and x- derivatives are given below (y can be inferred):
: Sum oll absorbs this g | RS AR —* - ABS5sc o = .31 8 2077 :
C 0 el T e B PETEE srsrrres sl £ g -
energy, and heats up. : : e I ~y 03 ' - 2083 |
C. IR light from the foil is focused The power is calculated using Eq. 5. The individual derivative L 5 5 | 5 297 T(xi: Y tus1 ) — T(xi: ¥, tn) K
. . | terms and raw temperature rise are averaged over a pOrtlon = oos5t [~ ‘"‘"--.“ ................ e ............ R SR i Tt(xl’ y]’ tn+1/2) ~ At ; (7)
y ican 935- | U of the laser spot and given in Fig. 12,13. The utility of both S TR SN |
D. APhotocon uctive sensor derivative terms should be clear from this figure. g %[ N i datanE i T | T ¢ -
measures this IR power. © _ xx (xi, Vi) n+1) oL
. . . ® 045 bbb i E . - 2
Figure 1: Hardware Schematic of the IRPB Setup Unfortunately, the measured power does not match the g : : | : : | 3 Figure 12,13: Background subtracted region
. < o N/ = power of the calibration laser as measured directly by an IR 01 o {_ B s 18 e - > around laser spot, before and after the i
Mathematical Description of the IRPB i/ Ay / " silicon photodiode. The degree of mismatch « is plotted right § | | 5 laser turns off. White square is 1 T(xi_l’ i t"+1) _ ZT(xi' Vi tn+1) T T X1, tnvd) +
. _ ] 2 TS | (Fig. 10). The remainder of this project was dedicated to 008 04 05 08 ] {5 14 18 : 7.5x2.75mm? region of laser spot. 2 (Ax)?
The temperature rise of the foil can be e understanding and correcting this discrepancy. Voltage [V i} . . : Characteristic “ring” in lower figure is heat -
estimated from the input power as follows: . 3 4 5 diffusing awa T(x-_ v, t )— ZT(x- vyt ) + T(xi_1, Vi, tn) K
P Figure 10: Scale factor @ bet d and - anal o erivat 5wy Ly vhn L —|
Tron = in X T X Apoj °K] (1) 'g‘jjre d. Cale ZC or @ be \;\lleen measured an Figure 11: Signal and derivative terms (4x)2 m2 (8)
Foil — redicted power densities, all cameras :
PCuV Foil P ’ over fraction of laser spot, A6751 1.3V
Where the thermal time constant T = 2£9iL V ...
ectorization:
and the volume Vi, ;; = troiiAroi, for thermal A Y Ve o Further Investigation ey e At o T B S o8P \ . . .
diffusivity k = .26 [cm?/s], Density p = \ o o o s e e e ' Stk il il Nl L -
3 ; — ) . ) - * *Te~il |3 . . . . . . .
21,500 [kg/m?], Heat_capac1ty Cp = Figure 2: Physical |Rp|.3 ber\chtop setup,. w.|th laser. To find the cause of this largely linear discrepancy between ) 2905 1*222:: ;*:z:: AB751, SBF‘F’r Rescaled S?ign,als ,a,ncfl Predicted $ignals Trad|t|9nally, the Crank-Nicholson scheme would be implemented iteratively for each pixel in a
133 [J/g * K], tpey = 2.5um. Letters correspond with Fig. 1, Laser mimics plasma dicted and g ined binnine th g T X e | [ x AB751: T13.28um, k= 260m7s || I 2D region of the CCD, for each frame (with a padded border set to the background
predicted and measured powers, we examined binning the p 2904 I"Kappa, .57Tloll |3 -~ SbFE: T=r0um, x=1.3cm/s temperature). However, this is highly memory inefficient. Instead, we have vectorized this
The power emitted by the foil (the luminance) due to this temperature rise can be calculated using the data in space and time before processing, moving the 2 2 2*Kappa, 1*Tfoil | 8~ —— Predicted Power Density 1 perature). ! gty , -y o o ,’ ,
Planck blackbody distribution: output averaging area, modifying the counts to temperature & 3 2968 —— 5*Kappa, 1*Tfoil |3 = | _ process, and others in the code, to achieve significant increases in speed, making the code
Y ' (©2he? 1 ainp and chagn igr>1 foil’ aramYate%s P s . ‘“g deployable on an inter-shot timescale.
Lroit = g~ —m— [W/AreaxQ+1] (2) saim sine TP | \f \/ 9 J
ekp 4K e e s 4 s e e S ST = |
From this, we can calculate the signal output by the detector: Temperature Radiated Power: = | This process can be
2 A Jaaamaaey ™ VA \sssar= Z——; o 3 4 i conceptualized for the 0T (x;,yj,to) | 0T (x;, ¥, t1) | ... | 0T (X, ¥j, tn-1)
Vot = [ ——22 RXL di [V] (3 = 4 | | ——S.Bin: 13 | | | g — =
out = 16 X (€) X X LFoit| vVl (3) o 2985 F /o [ | R o] < ® ° time derivative term ot o = ot
Al TFoit F : / | // | | / S—Bln' 213 Lo E g f .
o 296.4;— / \. _;: \ ; f —— S Bin: 3|3 § % 4 m | 5 2—_ h as follows: Consider _
Where the first term is the etendu of the light collected by the lens, € is the emissivity of the foil in the *§ roe s -;f f _.;Q?’ Vo ok £ 5 > ”‘l\, " W %«\h - the tempfera’;ufre data
IR range (=.83), the luminance is evaluated at the foil temperature of interest, R is the detector e I\ ," f f : = /m M ’l' AR A [ ] as a matrix of frames
’ ’ kS ; | | I S I | | | | — : , T(x;, vy, t T(x;, y;t el T(X1, Vi t_1) | T(X4, Vi, €
responsivity (in V/W) and the integral is taken over the sensitive range of the detector. Without the 220\ | E | o N \J" ;5 f il ' 1| P TP TP TP TP TP T over time. By (x5, ¥j, to) | (X0 Yo &1) (%3 ¥j ta-1) | T(X5, ¥ t)
responsivity term, this integral would give the detector flux P p.;. S T, A ST S S, S &0 1N ""- o .. MRS y; N 00 02 04 |np£'$0“agg'8 V] o te 4 xgtrr\aaili?(imfames -
0 1 2 3 4 5
Time [s]
- . : : o 0-n-1 from the T(x;, Yirto) | T(xX;, ¥ist1) | - | T(Xi, ¥is tae1) | T(X, ¥4 tr)
Predictive Results: : E'gfure %;“ Time Binning IS<tUdV- Frarr:jes are averaged Figure 15,16: Scaling physical foil parameters, A6751 0.9V, 0.2Hz dataset. Note the submatrix of frames e o T e
_ 3f efore derivatives are taken, noise decreases - Lot i : : Ve +i N
We evaluate V.., over a range of input power, and use least-squares minimization to find P, such that = 3 - redictably. SBFP 13V, 0.2Hy data set changes in chz:‘r.zlzlcterlstlc sthapi. Changing t; anc:‘K car;\cqrrcellct :]hehSBFP and A6751 1->n, we form the Figure 29: Qne pixel’s tlmg derlyatlve,
Vout = Vbackgrouna €duals the detector noise voltage (the Noise-Equivalent-Power-Density, NEPD). 2 o ' power scan while preserving shape, but are both unphysically hig time derivative matrix conceptualized as offset time history subvectors
Giving the foil an offset temperature was found to drop the SNR as well, but was not pursued further. *%? | _ Temperature and Radiated Power. 5o P OLSon. S Bin=2 fom Spot T_Bin=48, 1691 3He, Ty=2.5um, =208 ] SBFP Signal, 2'DL, T.<2.5ym, k= 203cr/s for all pixels.
] E E —
5 296.5 F 440 f E 4.5 - ; ! . T . . :
- NEP vs Effective Foil Size P_vsV__ LaserComponents and ThorLabs Sensors 3 i 3 s : Z ol ] —* - predicted Power Density | § ,{ zlerzlrta;:;f)izz ?(a)vtie Operation: UnVectorized: Vectorized:
_ ' ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' T T E o ! ® r — 3 L . e U _ S # oints S # oints
____________________ —— ThorLabs FDPSE2X2 LaserComp Signal. NEP = 16.71 [Wir] S ol : 420 qr #* Mea:sured Puwgr Density § f?x Spatial derivative, [S1/[# p ] [S1/[# p ]
. . H g o’ G 410 F - : : . . .
: + LaserCﬂmp.Dark Noise: 313.05 [u’ﬂf]2 : : S ol B[ e ,a..‘f'...g ................ i SBFP conversion to Derivatives: 2.35/413070 0.035/413070
—ThorLabs Signal, HEP= 181.7 [Wim-] = 296.2 - : g P : temperature, and the )
—+# —ThorLabs Dark Noise: 192.45 [uV] ; 390 ¢ 5 ; R ; : : SBFP Gain: 0.539/54600 0.006/54600
................... U S 2961 ¢ 380 e S A 3_jf _ SBFPVIdeOfIIe
1 ® Tme T ! ° - decompression. Decompression:  13.88/1.33E6 1.2/1.33E6
-----;-;;-;-;-_-'-_-;;—;-;-;-;;--é_--;-;-;;—;-;-;é-_—;-;-; ..... - 25 _ ............. ,4[ ................ ................. ................ -
5 5 . . 5 - : 5
........................................ - . | - 0 ﬁ,x“’ Table 1: Computational time gains with vectorization
§ o 4'4 :'II li\ l‘* "*\lf"]wl':'ﬂt ‘ -’|JL:a ""."!i'uﬁ'-"'ltl g ,.."'?f 5 .
"""""""""""""""""""" . E | ‘w.l.’ 1 l” ' i \ ﬂm"/'l ‘;‘,\i"’ \ }'\!‘H J"E E b T Conclusions:
TSI g e TS VP 1 206.42 RN T A 7 , b\. | i/! all ) Lkl i g é i
) i 5 2069 S gl%'“'lw i'{)‘-'*‘;w [.Hf:)‘h\ '\’ﬂ%\“d\ﬂ lﬂ'\’w E L ] a i ; i  The IRVB analysis codes, ran on calibration data, report an input power which
- i I ! : ; 206.36 Al gL oL Rl It o . . .
%% 1 2 3 4 = ™ s 500 : 250 g | ’ | | ' | g o ; : 04 o6 08 1 12 14 differs from the known value by a constant, unique to each camera (Fig. 10).
2 20630 i | _ hput Voltage V] ) ) ) ) ..
Apga  [eM"] P, [Wim’] B b b s . : L S S « We find that the foil thickness, thermal diffusivity, and SBFP
Figure 3: NEPD vs Focused Foil Area, for Figure 4: IRPB Predicted NEPD, : : 1 Rinni - - : _ . Time fs] , Time (¢} counts-to-temperature gain all could explain this discrepancy, but
g ) A Figure 17,18: Spatlal B|n.n|n.g Study. White squa_re I_s the Figure 19: Averaging power over a 2x2mm? spot, moved to Figure 20,21: Scaling the SBFP counts-to-temperature conversion factor “DL” to match v if th Hvsicallv hich (Fie. 15 6 and 20 21
ThorLabS and Lasercomponents Sensors Adet_4mm ’ ZOOkHZ; Thorl—abs FDPSE2X2 2x2mm? averaging area inside the laser SpOt. Blnnlng four positions in a 4x4mm?2 gnd inside the laser spot’ A6571 . . . only | t ey are set unphnysically nig ( Ig. ,0an ’ )
sensor, LaserComponents PB45510104S occurs before derivatives are taken, decreases noise 1.3V 0.9Hz. N time binnine. Sienal is stabl predicted power. .2DL corrects the power scan, but implies that the blackbody * Further tests included re-checking the foil reflectivity (=3%),and
! ' ’ ' ' -7MZz. NO Space or time binning. sighat 1S stable calibration source was 2.24 times too close to the camera, and gives unphysical offset. thickness (~3um) ’
. . Results and Com arisons SBFP SNR, 1cm’ Spot, 8" Order Fit, T_Bin=48, $_Bin=1, 1610.3Hz AB571 SNR, IRPB Spot, 8" order fit, T_Bin=6, S_Bin=1, 450Hz . Raw Signal SNR vs Input Power, 450Hz, 4mm? ) ~oU )
Experimental Data and Analysis: B T ! ; 06 [ [l ey b R GRS S S * We find that the raw data has the best SNR, followed by the 2D, then 0D
— 1.3V, = 58. : : : — 0.9V, = 52. : § : . sCiin . . . . .
5 lected usi . _ v a 4mm?2 e foil described ab Despite the inability to reproduce the expected 04l — oav sNR=450 e . 05_223 2:23? ............ — S —— | —o-sprp i1 o derivatives, and that the SNR decreases with input power, as expected (Fig. 27).
a_ta was collected using a 5SmW laser over approximately a 4mm spot on the foi escribed above, input power in magnitude, we can still examine the Figures 22,23,24: Noise, _oas{{—osv,sNR=100| — H— ] 02v. SNR - 1.8 | : : o « mpB_ [ o +  We find that the signal amplitude decreases fastest with frequency in the raw
using the ThorLabs FDPSE2X2 detector (4 ~ .5 — 1.3um). Figure 6 plots the raw data, with a signal-to- relative scaling in input power and frequency calculated by subtracting an 8t £ oaf{ _ 02V:SNR=50 | 5 5 & 04| —Lines of Best Fit =™ q | IR ERTE N A N o ,
noise ratio (SNR) of 2.66, and the 1kHz resampled data, with an SNR of 7.52. The next stage is to Previous work has looked at this for the purp;)se of order polynomial fit from the o [T Lines of Best Fit| - - N | - sl yams S - 3 SEEEIHE DN data, followed by the 2D and 0D derivatives (Fig 25,26).
compute the power from the raw signal, using the first order, 0-D “r-derivative”: oredicting signal to noise ratio, and NEP, but only signal, and SNR normalized by E z 5 ; | 5 - = 10 [ e o " * An IR Photoconductive Bolometer was tested, and found to have worse SNR
ds ’ [} ’ E-._ """"""""""""""""""""""""""""""""""""""" """"""" 7 g 0pf ....... ........ ............ ............ ........... J - 4 . . .
Pout = @ X [Syqw + TX E] [W/mz] (4) with the raw signal. Here, we extend this to an \/Adet\/tres to 450Hz, 4mm?2,as  E sl T 3 f ? Q | =S than the IRVBs in raw data and 0D derivatives, but may have lower cost per
: . _ = | RN I =TT T e s ] a [ AR SEEREE T e F i Ning i
Where T is the thermal time constant’ Calibrated to recover the input Square wave Shape’ and a is a analySIS Of the T'derlvatlve SCheme (Eq. 4), and the N SNEPD_ N Y A i T A o —====F"""=_ F 01 i} ’, % ....... ..... o ..... - _ .ChannEI, If plXEI ?Innlng IS accounted for. The Lasercomponents Sensor may
calibrated scaling factor to convert the signal to power density. full spatio-temporal derivative scheme (Eq. 5). A st R N of Mg e A improved SNR (Fig. 5)
The resulting signal appears to return the characteristic laser square wave better than the raw data, For full generalization, we report the “Sensor NEPD", i , o j ; i j BUC I N % oo S S NN 5 SO R B N B A  The “SNEPD” figure-of-merit is developed to generalize the NEPD for spatial
but even downsamp|ed to 20Hz, the SNR remains 2.6 (F|g 5) normalized by \/Adet\/tres for the correct scaling. 1.2 15 1.8 02 0 0.2 0.4 0.6 038 1 1.2 10 . 10 - 10 10 averaging_ Itis (relatively) stable across a range of input power density (F|g 28)
sl Time  [sl Predicted Power Density  ImW/cm?l v ) ] £ the deri ) ¢ ! g _
: ¢ ectorization of the derivatives tor all cameras, and temperature conversion,
AB751 Normalized sighal vs Frequency, Raw, 1, and all terms SNR vs P, , All Devices, 450Hz, 4mm* SNEPD, "o"- Raw Data, "A"- 1 Terms, "*"- Full Terms . . p. .
. . > 2066 ‘ ASTo1 Frequency Sean . . 1.4 . . . 2 , | - - - decompression for the SBFP allows for inter-shot processing timescales (Tbl. 1).
IRPB Signal, c-Derivatives, Resample. 1cm” Spot IRPB 200kHz Raw Signal and 1kHz Resample - e 1 A4r : 0 SRR : A A A At A A I S R , ,
80 ; ! ! ! ; . — . 100 ; ; . . = {3V B ‘E | —* -~ All Terms | —*=-AB751 Raw Data [~ S ; & - ABTS1 | SRR SRR * Future work will collect further benchtop data with the camera removed from
' - T clanal 1Mz ol vl - - 2:‘:3’[1’;"; 200Ktz - 13V 10Hz T ] e ~*-vDerivatives| @ [l —~-A67511Terms | g g e aessse | L, the machine to correct the observed discrepancies, before the IRVB is fully
B0 dT.fdt, ZUHZ, =1 1 N : - % | ‘ : E-‘_ 1 -------------------------- —*'“F{awData ------ | % | _'--AE?E" FLI" TEITI"IS .............. ["j." ................... 4 g E ™ SBFP deployed on NSTX'U in F.Y. 117.
B I_-'-tesult.ant | gOL-- ............. E - I‘.l‘l ‘\ i\..‘*’,m& ,E % — | —o- AgSSse Full Terms | ,_l' ,,-_.,-} ......................... ] %IE —* - |RPB R S
................. AR AR f o . I <1 R
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