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High resolution spectroscopy for isotopic ratio measurements

1.  General information on optical UF, detection
1.  UFg spectroscopy / Quantum Cascade Lasers (IES — MirSense, R. Teissier)
2. Molecular jet

2. Setup description
1.  Vacuum chamber layout and pulsed jet
2. Optical beam folding
3.  Simulated measurements / 1f wavelength modulation

3. Measurements
1. Temperature estimation
2. Isotopic ratio measurement capability

Conclusion
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1. Optical UF; detection

Frequency | Isotopic
Band (cm?) | shift (cm™)

Vv, 667 0

Vv, 534 0

A 626 0.65
o Vv, 186 0.16
inactif Ve 500 0

Vg 143 0

Isotopic shift maximum for v5 band and maximal cross section coefficient
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Purely vibrational spectra

1.1 Vibrational spectra

Hot bands shifted by vibration

anmonici‘ry V3 .
- V3+V6'\Vé
V3+2V6'V6 | 1E-1
| V3+V5-Vg
V3*tVamVy 1E-2
I 1 £3
A few cm! 1E-4
Frequency | Isotopic 1ES
Band .
(cm) shift (cm-1) .
A 667 0 '
Vv, 534 0 e
Vs 626 0.65
Vv, 186 0.16
Vs 200 0
Vg 143 0

50

VIBRATIONAL STATES POPULATIONS

——V3
—=>—=Vv3+Vv5-v5
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——-Vv3+Vv6-V6
—=H=Vv3+2V6-2V6
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VIBRATIONAL TEMPERATURE (K)
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1.1 Rotational spectra

Purely rotational spectra

Energy levels spherical rotator ( I, = I, =1I,=1I)

H2J(J+1) J2 rPI(J+))
N, =(2J +1)exp| ————~ Y _ C1—
s = +)ﬂxp[ T ] Ey = = =012,
P Q R
‘ Rotational transitions :J ->J+ AJ ; AJ=0, #1
_ _ 7 E, . —E; . h
2B(1-6).  2B(1-¢).(J+1) Wavenumber : o =—— =2Bm ; B=—
< > hc 8x-cl

m=-J ;AJ =-1(brancheP)

m=0 ;AJ= 0 (brancheQ)
PQOR branches: P:AJ=-1, Q:AJ=0, R:AJ=+1 m=J+1;AJ =+1(brancheR)
(J: rotational quantum number)
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1.1 Combination of Vibrational & Rotational spectra

Absorption spectra

— (235UF86, nu3, 100.0, 20.0)
—— (238UF6, nu3, 100.0, 20.0)

o
H
L]

238UF6 - Q
0.10 23BUE6 - Q

0.08 238UF6 _p 238UF6 -R o . (&
0.06
: /\ Zoom

- Y

SePeteCeTeRe(eSeCe(ePeY Se(efeTellefieReE

2

absorbance : —logyolabsorption)

0.02 I | |
" ....“HH“H” ” ‘|||II|.J L]
625 626 627 630
Frequency
Absorption spectra
0.00025

HTDS calculus : 238UF, + 23°UF, < R
}‘E_Ln_nnuzo 238U Fo - RG\
wn
0
%0.00015 238UF - R5_— >
o
5 235 -
il.i 0.00010 UF6 \Q
£
B
£ 0.00005
a
’ 0,00000 —-B3 L s N LF- |87 ILB

628.1 6282 628.3 628.4 628.5
Frequency
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1.2 Molecular pulsed jet

Pressurized mixture
He + UFg

Pulsed jet symmetry
analysed in a Michelson
interferometer

9
- &‘
Custom slit{® it
Q §

1. the mixing tank is maintained at a total
pressure of a few bars

2. the vacuum chamber is maintained at a
high vacuum level

3. pulsed valve on the way

4. the slit is positioned in front of the
electro-mechanical needle valve

Collimation
optics
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Pulsed jet 2. Key elements :

gas inlet

mixing tank
He + UF,
under pressure

QCL laser @ 16 um [627; 630] cm™"; bandwidth < 30 MHz
IES / Univ. Montpellier (R. Teissier)

2 IR detectors HgCdTe + cold filter: [15.490 um, 16.429 um]

Optical system with spherical mirrors

Pulsed valve + slit
Monaris Lab. / Sorbonne Univ. / Paris (P. Asselin)

Acquisition / Current modulation (~>100 kHz)
spectra simulation (HTDS code)
ICB: Institut Carnot de Bourgogne/Dijon (V. Boudon)

Software :
Labview for bench driving & 100 MHz acquisition

2 detectors HgCdTe @ 16 um Python for demodulation & analysis
Cryostat (~100 K) for the QCL (CEA)
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2.1 Optical bench layout

Mixing tank (under pressure)

HgCdTe detectors /1 _
e . 90° off axis
Beam parabola

B
= o8

| Cryostat
> | with QCL laser

Turbo pump

Liquid nitrogen tan

Pulsed jet Beam
folding
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2.1 Optical bench

Jm——

Cryostat
Q Tu[,bo molecular
B pump
LN,
Chemical
trap

I | Vacuum“chamber_5
: (170 L)

HgCdTe Detectors

+ narrow cold filter :
[15.490 um, 16.429 um]
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2.2 Classical multi-pass cavity

Pre-adjusting the optical cavity with a
visible red beam

3 sheets :

Beams are crossing the jet in areduced volume

Pulsed jet
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2.3 Wavelength Scan versus intensity variation

C i

hdfs file read / graph ‘ Simulation

Absorption spectra

I —I (235UF6, Nu3, 100.0, 20.0)
©az2 (238UF6, Nu3, 100.0, 20.0)
File Screenrecord Datarecord Detectors Sync. detection X calibration Simulation 8 010 | I
o = - = cos
HmeoB@oc HPL . O B a | @ea s 1 i >
¥ 006
4 A om 1 :
= |
2 002 | i
aoo camawa i d A LLELL I NN R RN NN NETYY
Brut | Démodulé Informations = Calculus parameters — waveNumber Info et i | 27 I 628 629 630

M_Inst_2022-10-25-10-05-01_UF6-0.5_85K_O0mV __.h5

=) 175 m
—
o
2 150 m
o 125m
o
& 100m
=
o 75m
0
K]
< 50m
[
5 25m P15 P13
s 0 4 P12
0 I
626.25 cm-1 626.3 cm-1 626.35 cm-1 626.4 cm-1 626.45 cm—-1 626.5 cm-1 626.55 cm-1 626.6 cm-1
Wavenumber
®E>PQEL
Files | Graph config | single record | average | File selector | Spectrascan Vmod=0.0 my
Lines select i_scan_select @ Freq= 40 kHz
i_SCan e i T|s se (R ~|[5 [2] 628235750 cm-1 T=84.9984 K
R ~||6 |%|628.323930 cm 1=320.00 mA.
A V=0.287 V
Sync. detection . . . . . i . i Tl e Detectors zero (mV) keep x axis v s
v| Only measure |v| Mesure/ref? shift (px) . . . . o . ; g i ; hifpal ol L LI L L B A R scale x?
Integration? (V| log_107? Ratio for N S A NERENEARN e - | n ‘ auto offset ? ‘ |:|:0 g |:|:D g keep y axis? | scale y?

ref. extraction

[N

|Iabe|_5bar_wavenumher| |ﬁ|e_name=M_inst_2022-1 O-ZS-IO-OS-EH_UF6-0.S_BSK_OmV_.h5| ‘Iahel_sbar_demodule| ‘Iabe\_sbar_mcyenne| D |—‘
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3. Measurements
3.1 Raw measurement (without modulation) for LEU+, HALEU, HEU

3.1.1: Rotational temperature measurement o ge c e« 4 . &

Hm e B@ ¢ =0 e @S

hdfs file read / graph | Simulation

Whole R branch and manual fit

Calculus parameters = Page

M_Inst_2022-10-25/10-05-01_UF6-0.5, 85K_0mV_.h5

—

e .

e A

—

w
o
=]
3

p)
~

Tra
E=
o
o
3

235UF, branch Q signal in direct
absorption

-628,147|cm?' RS R6 R7

‘ wane 628,236 cm™! 628,324'cm 628,413 cm!
The choice of the range could be concatenated ’

with others to cover the full spectrum

ms 6 ms 4 ms 2 ms 0s
acquisition time

A€ PQ =¥ B

Graph config | singlerecord | average  File selector Vmod=0.0 mV
@ Freq= 40 kHz

3.1.2 : Isotopic ratio 1

1=180.00 mA
V=B.712V

0.0* no modulation Detectors zero (mv)

—_—
Mes 05 V| Only measure || Mesure/ref? ez B 1)
—_—

keep x axis? scale x?

Low precision : Isotopic ratio =

Integration? log_107? 0 =1

Ratio for ref. extraction auto offset ? = keep y axis? scale y?

= HE

B

i

2

7

2

2 =X e
i

il

N

25 1D—nﬁ—m7uF67D‘5785KJmV7.h5| ‘\abeljbarﬁdemodu\e ‘ |Iabe\7;barﬁmayenne |

. . . . Mes
High precision : Isotopic ratio = Full spectrum 5
Mes Full spectrum 8 + isotop shift
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3. Measurements

3.2 for low assay => Natural up to LEU

3.2.1 : Rotational temperature measurement
Fit automated by SVD analysis on noise simulation

molecule="235UF&" | mode_maskage="theorie_5' { Trot=5K

lcld. -
lcl-d -
o o _/)— M5 bruit=0.0e+00; T = 5.0 K
(_/ —— MS.bruit=1.0a-04; T=50K
107 —— MS.bruit=5.02-04; T = 4.0 K
10 —— M5.bruit=1.0e-03; T=50K
—— MS5.bruit=5.0-03; T= 10K
1077 4 —— MS.bruit=6.0e-03; T= 1.0 K
T T T
0 0 0

(HTDS model + noise before modulation)

Measure - theory standard error

=> First Choice of the window for each line (3 windows)

o es significatives des signaux isolé

Pl
T 7 T
1292 33'/ 4 30 L4 o a

+  mode_maskage="theorie_5'

L] 1 ¢ mode_maskage="theorie_8' S o — Ms:h it=0e+00

Use of : "’ AT e\
235 branCh Q > // — MS.bruit=1e-03
— M5 bruit=5e-03
— M5 bruit=6e-03

and o6 |
238 lines R5 R6

02 -

\ﬂl—lh—luhl.n
N

\Gignal démodulé intégré mesuré

T T T T T T T
626,280 628.285 628.290 626,295 62E.300 628.303 628,310
on~? - [extension du masque = 1.0e-03 cm™?)

malecule="238UF6' | mode_maskage="theorie_&' / Trat=5K

0.0 o —— M5 bruit=0.0e+00; T=50K

—— M5 bruit=5%0e-03; T=50K
—— M5 bruit=6.0e-03; T=60K
—— M5bruit=7.0e-03; T=50K
—— M5.bruit=E.0e-03; T=50K
—— M5.bruit=9.02-03; T=50K
—— MSbruit=1.0e-02; T=50K

Measure - theory standard ermor
=

LY e
. . . o {nf =77 T e
= Numerical maximum noise determination - — imnoics A
_ - 2 08 |I e MS.hru:rt:Te-D}
—> acceptable to assess temperature_ -~ el B M
{.] J — e
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Measurement signals with demodulation

Scan with modulation (example 400kHz / 50mV) on 0,7% 23°UF:

File Screenrecord Graphconfig Sync.detection Simulation
a = oo =5,
Hm o B@ o o/n 1 s BS

hdf5 file read / graph Simulation

Cleaner 235U F6 branch Q Brut | Démodulé | Informations | Calculus parameters | Page
signal as obtained 0

-10p
g—zop
o
~30p
3.2.2 : Isotopic ratio
—40 1 No average
I 10 ms 8 ms 6 ms . 4 ms 2ms 0s
I RS +R6 = f(TrOt)’ @5 K - R5 +R6 - 0’214 acquisition time
IQ A€ Q=¥

Files | Graphconfig | single record average File selector Vmod=50.0 mV

@ Freq= 400 kHz

P graphe | |white = .png file name |demodulation €| | 1000 |+ | i_scan = eI
- .png dir /home/laurent/Documents/Mesures_16/2022/2022-10-25/pm/pngs/400kHz a 1 s
Uclear 5 wipe 1=223.00 mA

Mes 5, x 0,214

Isotopic ratio =

Sync. detection [l ° g __ Detectors zero (mV) keep x axis -
M eS v  Only measure v Mesure/ref? shift (px) | 144° 90°<=>63 pix. from other tabz ¥, ScaIe X7
R5 +R6 | Integration? log_107? Ratio for —————m——— cnn 0 /0

? hd is? ?
ref. extraction [R1E] auta offset ? keep y axis? V| scale y?

| [file_name=M_Inst_2022-10-25-15-50-24_UF6.0.5_85K_50mV_400kHz.h5 ] [i_scan=0, shift=1] [] [na initial average in this file |
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Improvements over existing items

» Online automatic measurement ;
» Small tank filled with UF; + He mixture under pressure
» Process execution

» Drain tank to chemical trap

» Technical sovereignty
» Non cryogenic QCL (MirSense)

» No international patent

» High measurement accuracy expected for mid assay :

» full spectrum analysis with HTDS(235) & HTDS(238)
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Conclusion
» Current measurement accuracy for low assay :
n(235U) / n(238U + 235U) = (0,7 + 0,3) %
(=3-103 absolute)

» Raw measurement without averaging and framing (commercial spectrometers do!)

» With averaging = expected gain in order of < yn

» Improvements :
» Carrier gas optimization
» Measurement averaging & calibration on reference standard
» No cryogenic QCL (MirSense)

» VVolume reduction

» Measurement accuracy expected for mid assay :

» Much less than 3-10-3 absolute...
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