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Source = synchrotron beam

Roy et al., Infr. Phys. Technol. 49 (2006) 139

deff [mm] = 0.8

r
1000

⌫̃
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Synchrotron beam diameter – Continued
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Jacquemart et al., JQSRT 119 (2013) 95

better adapted to the study of the apparatus function and
that the signal-to-noise ratio of the present spectra is higher
than for those recorded in Ref. [8]. The effect of Reff has non
negligible consequences on the line parameters retrievals
(around 1 to 5% for intensities or broadening coefficients
depending on experimental conditions; see in Ref. [8] for
more details). For spectrum #0 recorded with an iris radius
R¼0.85 mm, the average effective iris radius has been found
equal to: Reff¼(0.9370.13) mm. The average value is slightly
higher than the nominal one; this could be due to diffraction
effects. As shown in Fig. 5, the values retrieved for this
spectrum are coherent and seems to decrease slightly with
wavenumbers. This is consistent with the slightly decreasing
of e observed in Fig. 2. This effect of diffraction is consistent
with the decreasing of the Airy disk size with wavenumbers.

Results obtained with spectra #1 and #2 of lowest
pressures have been chosen to characterize the apparatus
function of the SOLEIL ALIES-A beamline. An average
dependence of Reff between 50 and 200 cm"1 has been
used to calculate the optical weighting of the apparatus
function the multispectrum fitting of spectra 1–5. The
results obtained for effective values of the radius of the
beam are given as supplementary materials for the
transitions of H2O and C2H2 fitted in spectra #1 and #2.

3. Results

Knowing the wavenumber calibration and the optical
weighting of the apparatus function, the multispectrum

Fig. 4. Effective radius of the beam Reff. The three stars are estimations of the size of the beam from the SOLEMIO and SRW models at 10, 100 and
1000 cm"1. The measured values of Reff are indicated by solid symbols for acetylene transitions and by open symbols for water transitions.
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Fig. 5. Effective iris radius Reff for spectrum #0. The values of Reff are
indicated by solid symbols for acetylene transitions and by open
symbols for water transitions.

D. Jacquemart, M. Chaboud / Journal of Quantitative Spectroscopy & Radiative Transfer 119 (2013) 95–103 99
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0.25 hPa C2H2, 295 K, 152 m, resol. = 0.002 cm–1



H2O in empty cell (152 m path)
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�sinc = 6.84⇥ 10�4 cm�1
<latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit>



dfit = 2.52 mm
<latexit sha1_base64="uzavKyrSjFGPrj8U/ejA//NVMOY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFchaQoiiAU3LisYB/QhDCZTNqhM0mYmQglZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r0nSBmVyra/jZXVtfWNzdpWfXtnd2/fPDjsySQTmHRxwhIxCJAkjMakq6hiZJAKgnjASD+Y3JR+/4EISZP4Xk1T4nE0imlEMVJa8s1G6OcRVQW8hi3rvOVClyM1FjznvPDNpm3ZM8Bl4lSkCSp0fPPLDROccRIrzJCUQ8dOlZcjoShmpKi7mSQpwhM0IkNNY8SJ9PLZEwU80UoIo0ToihWcqb8ncsSlnPJAd5YnykWvFP/zhpmKLr2cxmmmSIzni6KMQZXAMhEYUkGwYlNNEBZU3wrxGAmElc6trkNwFl9eJr2W5diWc3fWbF9VcdRAAxyDU+CAC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7x1xahmjsAfGJ8/NB+XJg==</latexit><latexit sha1_base64="uzavKyrSjFGPrj8U/ejA//NVMOY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFchaQoiiAU3LisYB/QhDCZTNqhM0mYmQglZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r0nSBmVyra/jZXVtfWNzdpWfXtnd2/fPDjsySQTmHRxwhIxCJAkjMakq6hiZJAKgnjASD+Y3JR+/4EISZP4Xk1T4nE0imlEMVJa8s1G6OcRVQW8hi3rvOVClyM1FjznvPDNpm3ZM8Bl4lSkCSp0fPPLDROccRIrzJCUQ8dOlZcjoShmpKi7mSQpwhM0IkNNY8SJ9PLZEwU80UoIo0ToihWcqb8ncsSlnPJAd5YnykWvFP/zhpmKLr2cxmmmSIzni6KMQZXAMhEYUkGwYlNNEBZU3wrxGAmElc6trkNwFl9eJr2W5diWc3fWbF9VcdRAAxyDU+CAC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7x1xahmjsAfGJ8/NB+XJg==</latexit><latexit sha1_base64="uzavKyrSjFGPrj8U/ejA//NVMOY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFchaQoiiAU3LisYB/QhDCZTNqhM0mYmQglZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r0nSBmVyra/jZXVtfWNzdpWfXtnd2/fPDjsySQTmHRxwhIxCJAkjMakq6hiZJAKgnjASD+Y3JR+/4EISZP4Xk1T4nE0imlEMVJa8s1G6OcRVQW8hi3rvOVClyM1FjznvPDNpm3ZM8Bl4lSkCSp0fPPLDROccRIrzJCUQ8dOlZcjoShmpKi7mSQpwhM0IkNNY8SJ9PLZEwU80UoIo0ToihWcqb8ncsSlnPJAd5YnykWvFP/zhpmKLr2cxmmmSIzni6KMQZXAMhEYUkGwYlNNEBZU3wrxGAmElc6trkNwFl9eJr2W5diWc3fWbF9VcdRAAxyDU+CAC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7x1xahmjsAfGJ8/NB+XJg==</latexit><latexit sha1_base64="uzavKyrSjFGPrj8U/ejA//NVMOY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFchaQoiiAU3LisYB/QhDCZTNqhM0mYmQglZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r0nSBmVyra/jZXVtfWNzdpWfXtnd2/fPDjsySQTmHRxwhIxCJAkjMakq6hiZJAKgnjASD+Y3JR+/4EISZP4Xk1T4nE0imlEMVJa8s1G6OcRVQW8hi3rvOVClyM1FjznvPDNpm3ZM8Bl4lSkCSp0fPPLDROccRIrzJCUQ8dOlZcjoShmpKi7mSQpwhM0IkNNY8SJ9PLZEwU80UoIo0ToihWcqb8ncsSlnPJAd5YnykWvFP/zhpmKLr2cxmmmSIzni6KMQZXAMhEYUkGwYlNNEBZU3wrxGAmElc6trkNwFl9eJr2W5diWc3fWbF9VcdRAAxyDU+CAC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7x1xahmjsAfGJ8/NB+XJg==</latexit>

H2O in empty cell (152 m path)

J. Vander Auwera ISMS – 20 June 2018

Synchrotron beam diameter – Continued

!10

deff = 2.02 mm
<latexit sha1_base64="DYUtDU8QUlLfe1bs//j27RzJaqg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRFUASh4MZlBfuAJoTJZNIOnUnCzEQoIQs3/oobF4q49SPc+TdO2iy09cCFwzn3cu89QcqoVLb9bdTW1jc2t+rbjZ3dvf0D8/CoL5NMYNLDCUvEMECSMBqTnqKKkWEqCOIBI4NgelP6gwciJE3iezVLicfROKYRxUhpyTeboZ+TKCrgNWxbdtuFLkdqInjOeeGbLduy54CrxKlIC1To+uaXGyY44yRWmCEpR46dKi9HQlHMSNFwM0lShKdoTEaaxogT6eXzJwp4qpUQRonQFSs4V39P5IhLOeOB7ixPlMteKf7njTIVXXo5jdNMkRgvFkUZgyqBZSIwpIJgxWaaICyovhXiCRIIK51bQ4fgLL+8Svpty7Et5+681bmq4qiDJjgBZ8ABF6ADbkEX9AAGj+AZvII348l4Md6Nj0VrzahmjsEfGJ8/D36XDw==</latexit><latexit sha1_base64="DYUtDU8QUlLfe1bs//j27RzJaqg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRFUASh4MZlBfuAJoTJZNIOnUnCzEQoIQs3/oobF4q49SPc+TdO2iy09cCFwzn3cu89QcqoVLb9bdTW1jc2t+rbjZ3dvf0D8/CoL5NMYNLDCUvEMECSMBqTnqKKkWEqCOIBI4NgelP6gwciJE3iezVLicfROKYRxUhpyTeboZ+TKCrgNWxbdtuFLkdqInjOeeGbLduy54CrxKlIC1To+uaXGyY44yRWmCEpR46dKi9HQlHMSNFwM0lShKdoTEaaxogT6eXzJwp4qpUQRonQFSs4V39P5IhLOeOB7ixPlMteKf7njTIVXXo5jdNMkRgvFkUZgyqBZSIwpIJgxWaaICyovhXiCRIIK51bQ4fgLL+8Svpty7Et5+681bmq4qiDJjgBZ8ABF6ADbkEX9AAGj+AZvII348l4Md6Nj0VrzahmjsEfGJ8/D36XDw==</latexit><latexit sha1_base64="DYUtDU8QUlLfe1bs//j27RzJaqg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRFUASh4MZlBfuAJoTJZNIOnUnCzEQoIQs3/oobF4q49SPc+TdO2iy09cCFwzn3cu89QcqoVLb9bdTW1jc2t+rbjZ3dvf0D8/CoL5NMYNLDCUvEMECSMBqTnqKKkWEqCOIBI4NgelP6gwciJE3iezVLicfROKYRxUhpyTeboZ+TKCrgNWxbdtuFLkdqInjOeeGbLduy54CrxKlIC1To+uaXGyY44yRWmCEpR46dKi9HQlHMSNFwM0lShKdoTEaaxogT6eXzJwp4qpUQRonQFSs4V39P5IhLOeOB7ixPlMteKf7njTIVXXo5jdNMkRgvFkUZgyqBZSIwpIJgxWaaICyovhXiCRIIK51bQ4fgLL+8Svpty7Et5+681bmq4qiDJjgBZ8ABF6ADbkEX9AAGj+AZvII348l4Md6Nj0VrzahmjsEfGJ8/D36XDw==</latexit><latexit sha1_base64="DYUtDU8QUlLfe1bs//j27RzJaqg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRFUASh4MZlBfuAJoTJZNIOnUnCzEQoIQs3/oobF4q49SPc+TdO2iy09cCFwzn3cu89QcqoVLb9bdTW1jc2t+rbjZ3dvf0D8/CoL5NMYNLDCUvEMECSMBqTnqKKkWEqCOIBI4NgelP6gwciJE3iezVLicfROKYRxUhpyTeboZ+TKCrgNWxbdtuFLkdqInjOeeGbLduy54CrxKlIC1To+uaXGyY44yRWmCEpR46dKi9HQlHMSNFwM0lShKdoTEaaxogT6eXzJwp4qpUQRonQFSs4V39P5IhLOeOB7ixPlMteKf7njTIVXXo5jdNMkRgvFkUZgyqBZSIwpIJgxWaaICyovhXiCRIIK51bQ4fgLL+8Svpty7Et5+681bmq4qiDJjgBZ8ABF6ADbkEX9AAGj+AZvII348l4Md6Nj0VrzahmjsEfGJ8/D36XDw==</latexit>

�D = 4.54⇥ 10�4 cm�1
<latexit sha1_base64="1pIhljgDKiFwp4POP2dJUMrBuc0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwY00koghCQRcuK9gHNLFMptN26MwkzEyEEvIZbvwVNy4Ucdudf+Ok7UJbD1w4nHMv994Txowq7TjfVmFpeWV1rbhe2tjc2t6xd/caKkokJnUcsUi2QqQIo4LUNdWMtGJJEA8ZaYbDm9xvPhGpaCQe9CgmAUd9QXsUI22kjn3q9xHnqHMLr6FXOfd8TTlR0HUe0xMv86HPkR5InmJuBDfLOnbZqTgTwEXizkgZzFDr2GO/G+GEE6ExQ0q1XSfWQYqkppiRrOQnisQID1GftA0VyKwP0sljGTwyShf2ImlKaDhRf0+kiCs14qHpzO9U814u/ue1E927DFIq4kQTgaeLegmDOoJ5SrBLJcGajQxBWFJzK8QDJBHWJsuSCcGdf3mRNM4qrlNx771y9WoWRxEcgENwDFxwAargDtRAHWDwDF7BO/iwXqw369P6mrYWrNnMPvgDa/wDulmeVg==</latexit><latexit sha1_base64="1pIhljgDKiFwp4POP2dJUMrBuc0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwY00koghCQRcuK9gHNLFMptN26MwkzEyEEvIZbvwVNy4Ucdudf+Ok7UJbD1w4nHMv994Txowq7TjfVmFpeWV1rbhe2tjc2t6xd/caKkokJnUcsUi2QqQIo4LUNdWMtGJJEA8ZaYbDm9xvPhGpaCQe9CgmAUd9QXsUI22kjn3q9xHnqHMLr6FXOfd8TTlR0HUe0xMv86HPkR5InmJuBDfLOnbZqTgTwEXizkgZzFDr2GO/G+GEE6ExQ0q1XSfWQYqkppiRrOQnisQID1GftA0VyKwP0sljGTwyShf2ImlKaDhRf0+kiCs14qHpzO9U814u/ue1E927DFIq4kQTgaeLegmDOoJ5SrBLJcGajQxBWFJzK8QDJBHWJsuSCcGdf3mRNM4qrlNx771y9WoWRxEcgENwDFxwAargDtRAHWDwDF7BO/iwXqw369P6mrYWrNnMPvgDa/wDulmeVg==</latexit><latexit sha1_base64="1pIhljgDKiFwp4POP2dJUMrBuc0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwY00koghCQRcuK9gHNLFMptN26MwkzEyEEvIZbvwVNy4Ucdudf+Ok7UJbD1w4nHMv994Txowq7TjfVmFpeWV1rbhe2tjc2t6xd/caKkokJnUcsUi2QqQIo4LUNdWMtGJJEA8ZaYbDm9xvPhGpaCQe9CgmAUd9QXsUI22kjn3q9xHnqHMLr6FXOfd8TTlR0HUe0xMv86HPkR5InmJuBDfLOnbZqTgTwEXizkgZzFDr2GO/G+GEE6ExQ0q1XSfWQYqkppiRrOQnisQID1GftA0VyKwP0sljGTwyShf2ImlKaDhRf0+kiCs14qHpzO9U814u/ue1E927DFIq4kQTgaeLegmDOoJ5SrBLJcGajQxBWFJzK8QDJBHWJsuSCcGdf3mRNM4qrlNx771y9WoWRxEcgENwDFxwAargDtRAHWDwDF7BO/iwXqw369P6mrYWrNnMPvgDa/wDulmeVg==</latexit><latexit sha1_base64="1pIhljgDKiFwp4POP2dJUMrBuc0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwY00koghCQRcuK9gHNLFMptN26MwkzEyEEvIZbvwVNy4Ucdudf+Ok7UJbD1w4nHMv994Txowq7TjfVmFpeWV1rbhe2tjc2t6xd/caKkokJnUcsUi2QqQIo4LUNdWMtGJJEA8ZaYbDm9xvPhGpaCQe9CgmAUd9QXsUI22kjn3q9xHnqHMLr6FXOfd8TTlR0HUe0xMv86HPkR5InmJuBDfLOnbZqTgTwEXizkgZzFDr2GO/G+GEE6ExQ0q1XSfWQYqkppiRrOQnisQID1GftA0VyKwP0sljGTwyShf2ImlKaDhRf0+kiCs14qHpzO9U814u/ue1E927DFIq4kQTgaeLegmDOoJ5SrBLJcGajQxBWFJzK8QDJBHWJsuSCcGdf3mRNM4qrlNx771y9WoWRxEcgENwDFxwAargDtRAHWDwDF7BO/iwXqw369P6mrYWrNnMPvgDa/wDulmeVg==</latexit>

�sinc = 6.84⇥ 10�4 cm�1
<latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit><latexit sha1_base64="MIhZ9iN1m4PS4i14Lp8umCLlQz8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0gkaBGEghuXFewDmhgm00k7dCYJMxOhhPyIG3/FjQtFXLgR/8ZJ7UJbD1w4nHsv954TpoxKZdtfRmVpeWV1rbpe29jc2t4xd/c6MskEJm2csET0QiQJozFpK6oY6aWCIB4y0g3HV2W/e0+EpEl8qyYp8TkaxjSiGCktBabrDRHnKMgljXEBL+GZ1XA9RTmR0LHv8hO38KDHkRoJnmOuBacoArNuW/YUcJE4M1IHM7QC88MbJDjjJFaYISn7jp0qP0dCUcxIUfMySVKEx2hI+prGSJ/386m7Ah5pZQCjROiKFZyqvzdyxKWc8FBPln/K+V4p/tfrZypq+DmN00yR0nx5KMoYVAkso4IDKghWbKIJwoLqXyEeIYGw0oHWdAjOvOVF0jm1HNtybtx682IWRxUcgENwDBxwDprgGrRAG2DwAJ7AC3g1Ho1n4814/xmtGLOdffAHxuc3if6g7g==</latexit>
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Jacquemart et al., JQSRT 119 (2013) 95

better adapted to the study of the apparatus function and
that the signal-to-noise ratio of the present spectra is higher
than for those recorded in Ref. [8]. The effect of Reff has non
negligible consequences on the line parameters retrievals
(around 1 to 5% for intensities or broadening coefficients
depending on experimental conditions; see in Ref. [8] for
more details). For spectrum #0 recorded with an iris radius
R¼0.85 mm, the average effective iris radius has been found
equal to: Reff¼(0.9370.13) mm. The average value is slightly
higher than the nominal one; this could be due to diffraction
effects. As shown in Fig. 5, the values retrieved for this
spectrum are coherent and seems to decrease slightly with
wavenumbers. This is consistent with the slightly decreasing
of e observed in Fig. 2. This effect of diffraction is consistent
with the decreasing of the Airy disk size with wavenumbers.

Results obtained with spectra #1 and #2 of lowest
pressures have been chosen to characterize the apparatus
function of the SOLEIL ALIES-A beamline. An average
dependence of Reff between 50 and 200 cm"1 has been
used to calculate the optical weighting of the apparatus
function the multispectrum fitting of spectra 1–5. The
results obtained for effective values of the radius of the
beam are given as supplementary materials for the
transitions of H2O and C2H2 fitted in spectra #1 and #2.

3. Results

Knowing the wavenumber calibration and the optical
weighting of the apparatus function, the multispectrum

Fig. 4. Effective radius of the beam Reff. The three stars are estimations of the size of the beam from the SOLEMIO and SRW models at 10, 100 and
1000 cm"1. The measured values of Reff are indicated by solid symbols for acetylene transitions and by open symbols for water transitions.

0 100 200 300 400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Ef
fe

ct
iv

e 
iri

s 
ra

di
us

 in
 m

m

Wavenumbers in cm-1

Fig. 5. Effective iris radius Reff for spectrum #0. The values of Reff are
indicated by solid symbols for acetylene transitions and by open
symbols for water transitions.

D. Jacquemart, M. Chaboud / Journal of Quantitative Spectroscopy & Radiative Transfer 119 (2013) 95–103 99

H2O

d e
f
f
/2

[m
m
]

<latexit sha1_base64="tyHsmT3bRPK50aXIjkEUYOKYK6s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZF0JUU3LisYB+QhDCZTNqhM5MwMxFKKG78FTcuFHHrV7jzb5y0RbT1wIXDOfdy7z1RxqjSjvNlLS2vrK6tVzaqm1vbO7v23n5HpbnEpI1TlspehBRhVJC2ppqRXiYJ4hEj3Wh4XfrdeyIVTcWdHmUk4KgvaEIx0kYK7cM4LEiSjM8a0Ic+R3ogeeFxHoxDu+bUnQngD3HnSQ3M0ArtTz9Occ6J0JghpTzXyXRQIKkpZmRc9XNFMoSHqE88QwXiRAXF5IUxPDFKDJNUmhIaTtTfEwXiSo14ZDrLI9W8V4r/eV6uk8ugoCLLNRF4uijJGdQpLPOAMZUEazYyBGFJza0QD5BEWJvUqiaEhZcXSadRd526e3tea17N4qiAI3AMToELLkAT3IAWaAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr4Brdtlvo=</latexit><latexit sha1_base64="tyHsmT3bRPK50aXIjkEUYOKYK6s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZF0JUU3LisYB+QhDCZTNqhM5MwMxFKKG78FTcuFHHrV7jzb5y0RbT1wIXDOfdy7z1RxqjSjvNlLS2vrK6tVzaqm1vbO7v23n5HpbnEpI1TlspehBRhVJC2ppqRXiYJ4hEj3Wh4XfrdeyIVTcWdHmUk4KgvaEIx0kYK7cM4LEiSjM8a0Ic+R3ogeeFxHoxDu+bUnQngD3HnSQ3M0ArtTz9Occ6J0JghpTzXyXRQIKkpZmRc9XNFMoSHqE88QwXiRAXF5IUxPDFKDJNUmhIaTtTfEwXiSo14ZDrLI9W8V4r/eV6uk8ugoCLLNRF4uijJGdQpLPOAMZUEazYyBGFJza0QD5BEWJvUqiaEhZcXSadRd526e3tea17N4qiAI3AMToELLkAT3IAWaAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr4Brdtlvo=</latexit><latexit sha1_base64="tyHsmT3bRPK50aXIjkEUYOKYK6s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZF0JUU3LisYB+QhDCZTNqhM5MwMxFKKG78FTcuFHHrV7jzb5y0RbT1wIXDOfdy7z1RxqjSjvNlLS2vrK6tVzaqm1vbO7v23n5HpbnEpI1TlspehBRhVJC2ppqRXiYJ4hEj3Wh4XfrdeyIVTcWdHmUk4KgvaEIx0kYK7cM4LEiSjM8a0Ic+R3ogeeFxHoxDu+bUnQngD3HnSQ3M0ArtTz9Occ6J0JghpTzXyXRQIKkpZmRc9XNFMoSHqE88QwXiRAXF5IUxPDFKDJNUmhIaTtTfEwXiSo14ZDrLI9W8V4r/eV6uk8ugoCLLNRF4uijJGdQpLPOAMZUEazYyBGFJza0QD5BEWJvUqiaEhZcXSadRd526e3tea17N4qiAI3AMToELLkAT3IAWaAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr4Brdtlvo=</latexit><latexit sha1_base64="tyHsmT3bRPK50aXIjkEUYOKYK6s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZF0JUU3LisYB+QhDCZTNqhM5MwMxFKKG78FTcuFHHrV7jzb5y0RbT1wIXDOfdy7z1RxqjSjvNlLS2vrK6tVzaqm1vbO7v23n5HpbnEpI1TlspehBRhVJC2ppqRXiYJ4hEj3Wh4XfrdeyIVTcWdHmUk4KgvaEIx0kYK7cM4LEiSjM8a0Ic+R3ogeeFxHoxDu+bUnQngD3HnSQ3M0ArtTz9Occ6J0JghpTzXyXRQIKkpZmRc9XNFMoSHqE88QwXiRAXF5IUxPDFKDJNUmhIaTtTfEwXiSo14ZDrLI9W8V4r/eV6uk8ugoCLLNRF4uijJGdQpLPOAMZUEazYyBGFJza0QD5BEWJvUqiaEhZcXSadRd526e3tea17N4qiAI3AMToELLkAT3IAWaAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr4Brdtlvo=</latexit>

0.25 hPa C2H2, 295 K, 152 m, resol. = 0.002 cm–1
better adapted to the study of the apparatus function and
that the signal-to-noise ratio of the present spectra is higher
than for those recorded in Ref. [8]. The effect of Reff has non
negligible consequences on the line parameters retrievals
(around 1 to 5% for intensities or broadening coefficients
depending on experimental conditions; see in Ref. [8] for
more details). For spectrum #0 recorded with an iris radius
R¼0.85 mm, the average effective iris radius has been found
equal to: Reff¼(0.9370.13) mm. The average value is slightly
higher than the nominal one; this could be due to diffraction
effects. As shown in Fig. 5, the values retrieved for this
spectrum are coherent and seems to decrease slightly with
wavenumbers. This is consistent with the slightly decreasing
of e observed in Fig. 2. This effect of diffraction is consistent
with the decreasing of the Airy disk size with wavenumbers.

Results obtained with spectra #1 and #2 of lowest
pressures have been chosen to characterize the apparatus
function of the SOLEIL ALIES-A beamline. An average
dependence of Reff between 50 and 200 cm"1 has been
used to calculate the optical weighting of the apparatus
function the multispectrum fitting of spectra 1–5. The
results obtained for effective values of the radius of the
beam are given as supplementary materials for the
transitions of H2O and C2H2 fitted in spectra #1 and #2.

3. Results

Knowing the wavenumber calibration and the optical
weighting of the apparatus function, the multispectrum

Fig. 4. Effective radius of the beam Reff. The three stars are estimations of the size of the beam from the SOLEMIO and SRW models at 10, 100 and
1000 cm"1. The measured values of Reff are indicated by solid symbols for acetylene transitions and by open symbols for water transitions.
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Fig. 5. Effective iris radius Reff for spectrum #0. The values of Reff are
indicated by solid symbols for acetylene transitions and by open
symbols for water transitions.
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Broadening of  pure rotation lines of  12CH4
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Pure rotation of  12CH4 : N2 broadening

!13

Sanzharov et al., JQSRT 113 (2012) 1874
8

6

4

2

b L
0  (

N 2
) 

/ 
10

–2
 c

m
–1

at
m

–1

20151050 |m|

8

6

4

2

8

6

4

2

 GS – GS  v4 – v4

 Benner et al, 1993 (v3)
 Martin and Lepère, 2008 (v4, Voigt)

 Lyulin et al, 2009 (5550 – 6236 cm–1)
 Mondelain et al, 2005 (v2+v4, Voigt)

A transitions

E transitions

F transitions



J. Vander Auwera ISMS – 20 June 2018

Multi-spectra analysis (ν3 band of  102RuO4)
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Evolution of  the pressure of  102RuO4
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Evolution of  the pressure of  102RuO4
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FT-FIR spectroscopy ➙ pure rotation
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2. Experimental

The experimental procedure and the analysis of the pure rota-
tional spectra of HONO and DONO have already been described
in a previous paper [6]. We then only recall here the relevant
experimental details. Far-infrared absorption spectra of nitrous
acid and its deuterated species were recorded at room temperature
using a commercial Bruker IFS-120 HR Fourier-transform spec-
trometer, together with a White-type multi-pass cell (1 m base
length) equipped with gold-coated mirrors and with polyethylene
windows. The optical path length in the cell was adjusted to 8 m.
The beamsplitter used was a 6 lm Germanium-coated Mylar foil,
the broadband light source was a high pressure mercury lamp
and the detector was a Helium-cooled silicon bolometer. The spec-
tral resolution was 0.003 cm!1 and the total pressure about
20 mbar (10 mbar of H2O or D2O, 5 mbar of NO2 and 5 mbar of NO).

Overviews of the spectra that were used here are shown in Ref.
[6]. The spectra are indeed very dense. In addition to HONO there
are strong absorption lines by H2O, NO2 and NO. For DONO the sit-
uation is worse, since HDO and D2O are also present in the sample.
The presence of these species reduces considerably the number of
lines whose intensities can correctly be measured, fitted and then
used to determine the energy differences between the ground
vibrational states of the two isomers.

3. Analysis and results

3.1. Line positions

The rotational analyses of the spectra are described in detail in
Ref. [6]. The spectral range covered is from 40 cm!1 up to
150 cm!1. All observed transitions are b-type. The calculations were
performed using a Watson-type Hamiltonian in the Ir representa-
tion in both the A- and S-reduction. A total of 1466 pure rotational
transitions of trans-HONO and 791 of cis-HONO were used in the
fits. For trans-HONO the values of J and Ka included in the fits cover
the ranges 6–54 and 6–25 respectively. For cis-HONO, the J and Ka

ranges are 7–51 and 5–24. The root-mean-square deviations (rms)
are 0.00046 cm!1 and 0.00042 cm!1 for the trans- and the cis-spe-
cies, respectively, i.e. close to experimental accuracy. Let us note
that, during the present analysis, we noticed a misprint in one of
centrifugal distortion constant UKJ of cis-HONO in Ref. [6]: the cor-
rect value is !0.678 " 10!9 cm!1 instead of !0.0678 " 10!9 cm!1.

For the deuterated species DONO similar fits were performed
for the line positions but with less lines included due to a more

congested spectrum. A 327 pure rotational transitions of trans-
DONO and 204 of cis-DONO were included in the fits. For the
trans-isomer, J and Ka ranges are 7–41 and 3–21 respectively, and
the rms of the fit is 0.00042 cm!1. For the cis-isomer, J covers val-
ues from 9 to 41 and Ka values from 6 to 23, with a rms of
0.00034 cm!1.

Figs. 1 and 2 show the regions between 85 and 88 cm!1 for the
HONO and DONO far-infrared spectrum respectively.

3.2. Relative line intensities

A non-linear least-squares fitting routine was used to extract
the relative line intensities from the far-infrared spectra of HONO
and DONO. The routine minimises the differences between ob-
served and synthetic spectra by adjusting line positions and inten-
sities together. The efficiency of this method has already been
observed in Refs. [15,16] and an example of fit is given in Fig. 3.
However in the FIR spectra of HONO and DONO there are only a
few lines which are isolated or sufficiently separated to be fit. In-
deed, they are often overlapping or superimposed with transitions
of H2O, NO2 or transitions due to the other isomer. Note that the
Doppler width was kept at the theoretical value for all lines but
that the Lorentz width was an adjustable parameter for each line.
Finally, 120 individual lines for trans-HONO and 94 for the cis-iso-
mer were carefully measured selecting them by visual inspection
for quality and by excluding fits with poor residuals or strongly
overlapping lines. The same work was performed for DONO provid-
ing one with only 46 and 31 ‘‘clean” lines for the trans- cis-isomers
respectively.

Table 1 summarizes the number of lines selected for the inten-
sity fits and the range covered in J and Ka. Lines with low values of
Ka do not appear since they are not observed in the spectral range
covered here.

3.3. Absolute line intensities

The intensity of a line in (cm!1)/(molecule cm!2) is given by:

kN
~m ¼

8p ~m
4pe03hcZðTÞ

1! exp !hc~m
kT

! "! "
exp !hcEA

kT

! "
RB

A ð1Þ

where ~m is the wavenumber in cm!1 of the transition, EA is the
energy of the lower state A, Z(T) is the ro-vibrational partition func-
tion at temperature T, and RB

A is the square of the matrix element of
the transformed transition dipole moment which is derived from:

Fig. 1. Expanded region of the observed and calculated spectra of trans- and cis-HONO from Dehayem-Kamadjeu et al. [6]. Note that the spectrum is very dense because of the
presence of other species: H2O, NO2 and NO.
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tional spectra of HONO and DONO have already been described
in a previous paper [6]. We then only recall here the relevant
experimental details. Far-infrared absorption spectra of nitrous
acid and its deuterated species were recorded at room temperature
using a commercial Bruker IFS-120 HR Fourier-transform spec-
trometer, together with a White-type multi-pass cell (1 m base
length) equipped with gold-coated mirrors and with polyethylene
windows. The optical path length in the cell was adjusted to 8 m.
The beamsplitter used was a 6 lm Germanium-coated Mylar foil,
the broadband light source was a high pressure mercury lamp
and the detector was a Helium-cooled silicon bolometer. The spec-
tral resolution was 0.003 cm!1 and the total pressure about
20 mbar (10 mbar of H2O or D2O, 5 mbar of NO2 and 5 mbar of NO).

Overviews of the spectra that were used here are shown in Ref.
[6]. The spectra are indeed very dense. In addition to HONO there
are strong absorption lines by H2O, NO2 and NO. For DONO the sit-
uation is worse, since HDO and D2O are also present in the sample.
The presence of these species reduces considerably the number of
lines whose intensities can correctly be measured, fitted and then
used to determine the energy differences between the ground
vibrational states of the two isomers.

3. Analysis and results

3.1. Line positions

The rotational analyses of the spectra are described in detail in
Ref. [6]. The spectral range covered is from 40 cm!1 up to
150 cm!1. All observed transitions are b-type. The calculations were
performed using a Watson-type Hamiltonian in the Ir representa-
tion in both the A- and S-reduction. A total of 1466 pure rotational
transitions of trans-HONO and 791 of cis-HONO were used in the
fits. For trans-HONO the values of J and Ka included in the fits cover
the ranges 6–54 and 6–25 respectively. For cis-HONO, the J and Ka

ranges are 7–51 and 5–24. The root-mean-square deviations (rms)
are 0.00046 cm!1 and 0.00042 cm!1 for the trans- and the cis-spe-
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that, during the present analysis, we noticed a misprint in one of
centrifugal distortion constant UKJ of cis-HONO in Ref. [6]: the cor-
rect value is !0.678 " 10!9 cm!1 instead of !0.0678 " 10!9 cm!1.
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for the line positions but with less lines included due to a more
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trans-isomer, J and Ka ranges are 7–41 and 3–21 respectively, and
the rms of the fit is 0.00042 cm!1. For the cis-isomer, J covers val-
ues from 9 to 41 and Ka values from 6 to 23, with a rms of
0.00034 cm!1.

Figs. 1 and 2 show the regions between 85 and 88 cm!1 for the
HONO and DONO far-infrared spectrum respectively.

3.2. Relative line intensities

A non-linear least-squares fitting routine was used to extract
the relative line intensities from the far-infrared spectra of HONO
and DONO. The routine minimises the differences between ob-
served and synthetic spectra by adjusting line positions and inten-
sities together. The efficiency of this method has already been
observed in Refs. [15,16] and an example of fit is given in Fig. 3.
However in the FIR spectra of HONO and DONO there are only a
few lines which are isolated or sufficiently separated to be fit. In-
deed, they are often overlapping or superimposed with transitions
of H2O, NO2 or transitions due to the other isomer. Note that the
Doppler width was kept at the theoretical value for all lines but
that the Lorentz width was an adjustable parameter for each line.
Finally, 120 individual lines for trans-HONO and 94 for the cis-iso-
mer were carefully measured selecting them by visual inspection
for quality and by excluding fits with poor residuals or strongly
overlapping lines. The same work was performed for DONO provid-
ing one with only 46 and 31 ‘‘clean” lines for the trans- cis-isomers
respectively.
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tion at temperature T, and RB
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Fig. 1. Expanded region of the observed and calculated spectra of trans- and cis-HONO from Dehayem-Kamadjeu et al. [6]. Note that the spectrum is very dense because of the
presence of other species: H2O, NO2 and NO.
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Two different multi-pass gas absorption cells were employed in
this work. A multi-pass White cell (2.52 m base length) having
60 lm-thick polypropylene windows was used to achieve the
extended path lengths of 10.33 and 80.89 m. Another multi-pass
White cell (1.5 m base length) having 0.5 mm thick diamond win-
dows was used to record 15N-enriched NH3 spectra at a much
shorter path length (3.14 m). The sample pressures of the gas cell
were monitored using a full scale range MKS Baratron (10 Torr
head in 0.05% accuracy) during the scanning. The temperature of
the gas was obtained by averaging the values from four different
temperature probes placed at both ends of the cell inside. Further
details on the two White cells and the instrumental setup can be
found in Boudon et al. [40] and Kwabia Tchana et al. [41]. The
effective band pass ranges from 50 to 660 cm!1 limited by a poly-
ethylene window inside the bolometer. A sample NH3 spectrum
recorded in these conditions is presented in Fig. 2, and the exper-
imental conditions were designed for the measurement of line
intensities for weak transitions, including DK = 3 forbidden lines.
The spectrum in Fig. 2 was ratioed with a spectrum recorded with
an empty cell.

High-purity (99.5%) sample of NH3 gas (with no isotope enrich-
ment) was used in the data acquisition. Total, four spectra from
two different sample pressures (1.5 and 4.5 Torr) at the 10.33
and 80.89 m path lengths were obtained, which produced optical
densities distinctively apart by a factor of three (i.e., close to an
e-folding). It is well known that NH3 line intensities are expected

to drop rapidly with increasing rotational quantum numbers, J
and K, because of its large rotational constant (B0 = 9.9466451794
(347) cm!1 [17], 9.94664268(75) cm!1 [42]). Therefore, such a
broad span of NH3 column amounts achieved by the four different
combinations of pressure and path lengths provided sufficient
optical depths to cover a wide range of line intensities (i.e., four
orders of magnitude) for the transitions with high J and K as well
as weak forbidden transitions in the region. However, many fea-
tures from two minor isotopologues, 15NH3 and NH2D, were also
seen in natural abundance. As briefly mentioned above, one set
of a 15N-enriched (99%) NH3 sample spectrum was obtained at
room temperature at 2.69 Torr and 3.14 m long path length, which
was used for identification of 15NH3 transitions in the observed
spectra of normal NH3 sample gas.

For the spectrum recording, we used the Bruker data acquisition
software, OPUS (ver.6.5) for data acquisition, with which interfer-
ograms were individually Fourier transformed. Phase correction
was performed using the Mertz method [43] based on the phase
function extracted from a low resolution (1 cm!1) double-sided
interferogram recorded simultaneously. The total integration time
for the coadding was approximately 10 h or longer each. No signif-
icant zero-offset was noticed under these experimental settings.
Finally signal-to-noise (peak to peak) ratios of individual spectra
were achieved to be 100–200, depending on the spectral region.
Their detailed experimental conditions are listed in Table 3.

3. Spectrum fitting and retrievals of line positions and
intensities

Three basic spectroscopic line parameters (line position, line
intensity, and self-broadened half width) were determined simul-
taneously from individual spectra using an iterative nonlinear least

Table 2
Instrumental configuration and experimental conditions.

FT-IR Bruker IFS125HR at the Synchrotron SOLEIL, France
IR source AILES beamline

Beam splitter 6 lm thick Si/Mylar
Resolution 0.00167 cm!1 (unapodized; MOPD = 300 cm)
Aperture 2.5 mm (effective aperture variable; see text)
Detectors 4 K Si-bolometer

Optical band pass 50–660 cm!1

FTS pressure 60.01 Torr (mostly H2O)
S/N 100–200, depending on the spectral region

Gas cells Cell#1 Cell#2

Gas cell windows 60 lm thick polypropylene 0.5 mm thick diamond
(wedged, <1!)

Base path (m) 2.52 1.5
Path length (m) 10.33, 80.89 3.14

Samples NH3 (99.5%) 15NH3 (99% 15N-enriched)
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Fig. 2. A sample transmittance spectrum of NH3 recorded at P = 1.496 Torr, L = 10.33 m and T = 295 K. Presented are the entire overview in the upper panel and an expanded
view near 344 cm!1 region in the lower panel, which shows individual features resolved. Note that the spectrum was ratioed with a spectrum recorded with the empty
sample cell.

Table 3
Experimental conditions for the NH3 and 15NH3 spectra.

Gas Purity T (K) P (Torr) L (m) P " L
(Torr m)

Calibration
factors

NH3 99.5% 294.5 4.545 80.89 367.65 1.000000090
295.0 1.500 80.89 121.34 0.999999863
295.0 4.508 10.33 46.57 1.000000102
295.0 1.496 10.33 15.44 0.999999904

15NH3
15N(99%) 289.6 2.693 3.14 8.46 0.999994620

K. Sung et al. / Journal of Molecular Spectroscopy 327 (2016) 1–20 3

!18

FT-FIR spectroscopy 
➙ Large amplitude motion

Sung et al., J Mol Spectrosc 327 (2016) 1

Line positions and intensities for inversion-rotation and rovibrational spectra
compilation of transitions based on empirically validated energy
levels (e.g., MARVEL [16]).

Recent theoretical calculations and quantum-mechanical
modeling show great promise to predict the complete infrared
spectrum of ammonia [13–15]. However, the accuracies obtained,
especially for line intensities of forbidden transitions, are ham-
pered by unaccounted or ill-determined interactions, which are
strongly dependent on precise energy differences that are easily
measured through laboratory studies of line positions and intensi-
ties. Yu et al. [17] reported predictions of 14NH3 line positions in
the ground and v2 states in the far-IR region with unprecedented
accuracy over a greatly extended range of quantum numbers.
However, they found significant deficiencies in the predicted NH3

line intensities for DK = 3 forbidden transitions. For example, line
intensities for many of the forbidden transitions appeared to devi-
ate from predictions by factors of 100 or more, but few intensity
measurements were available.

Considering that DK = 3 forbidden transitions are the major
pathway other than collisions to redistribute populations in the
various K levels of NH3, accurate laboratory measurements of these
line intensities in the far-infrared region is mandatory for accurate
radiative transfer modeling. This need is underscored by observa-
tions of NH3 transition lines in the metastable J and K levels up
to 18 toward the galactic center in the star forming region of Sgr
B2 [18]. Accurate intensity measurements of DK = 3 transitions
are critical in explaining the observed excitation and providing
insights into the radiative-transfer vs. collision excitation mechan-
ics of interstellar NH3. Accurate spectroscopic line parameters are
also essential to interpret the planetary and astrophysical spectra
observed with Herschel/HIFI [19], SOFIA [20,21], ALMA [22], and
JWST [23,24].

Ground-state and v2 ro-vibrational energy levels are well sepa-
rated from each other, so the only ro-vibrational interaction is the
well-known DK = ±3n (n = 1, 2, . . .) interaction arising from the
inversion. The previous work on line position in the ground and
v2 states was summarized in Chen et al. [26], which was incorpo-
rated into the work of Yu et al. [17]. Intensities of v2 band have also
been studied extensively [27–34]. A concise review on the inten-
sity studies can be found in Down et al. [35] showing that the
intra-measurement mean discrepancies in line intensities are in
an order of a few % for the v2 band, which is within their combined
measurement uncertainties (typically !2–5%). However, in the far-
infrared region between 50 and 660 cm"1, line intensity measure-
ments are rare. Other than microwave stark measurements, we
only know of two laboratory measurements reporting line intensi-
ties covering multiple J and K transitions in this region. Brown and
Peterson [36] reported spectroscopic line parameters (position,
intensity, and pressure-broadened line widths) for 116 14NH3 tran-
sitions in the 40–210 cm"1 from FT-IR measurements at Jet Propul-
sion Laboratory. Hermanussen et al. [37] reported diode laser
measurements of more than !500 14NH3 and 15NH3 line intensities
in the 620–740 cm"1 region with partial quantum assignments.

This work reports line positions and intensities of 14NH3 for
eight far-infrared bands in the 50–660 cm"1 region measured from
four new spectra of a high purity sample of NH3 acquired with a
Fourier-transform spectrometer, Bruker 125HR, located at the
AILES beamline of Synchrotron SOLEIL. Included are the (a–s)
rotation-inversion transitions (i.e., rotational transitions) of the
ground state (gs), v2, 2v2, v4, as well as ro-vibration transitions of
v2–gs, 2v2–v2, v4–v2 and 2v2–v4. The bands covered by this work
are shown and labeled in Fig. 1. Their band ID’s used throughout
this work are listed in Table 1. In spite of the large inversion split-
ting in 2v2, the observed features include transitions from
2v2(a) v4 and v4 2v2(s), both of which are grouped in 2v2–v4
in this work. The experimental details are described in Section 2,
followed by spectrum fitting and data reduction in Section 3, and

quantum assignments of the retrieved transitions in Section 4.
Final results in comparison with recent predictions and the
HITRAN database are presented by individual bands in Section 5.
In fact, the present work is a continuation of the far-infrared
spectroscopic study of 14NH3, following our recent work on the
effective Hamiltonian modeling of NH3 for ground and v2 states
[17] and for 2v2 and v4 states [25].

2. Experimental details

A series of high resolution spectra of NH3 in the far-infrared
region were obtained at room temperature using a Fourier trans-
form spectrometer, Bruker IFS-125HR, at the Synchrotron SOLEIL,
configured with the synchrotron radiation continuum source
extracted by the AILES beamline [39]. A 6 lm thick Si/Mylar beam
splitter and a 4.2 K Si-bolometer detector were employed, as sum-
marized in Table 2. A very high spectral resolution (unapodized,
0.0017 cm"1) was enabled without sacrificing signal-to-noise ratio
thanks to the brightness of the synchrotron radiation light source.
The entire FT-IR beam path was evacuated during the scanning to
minimize residual H2O in the FT-IR chamber.

Fig. 1. Inversion-vibration energy levels of 14NH3 up to 2000 cm"1. (The numbers in
circles refer to the band ID’s. See Table 1 for more details.) Recalling that the
J = K = 0 level of gs(s) does not exist due to the hydrogen nuclear spin statistics, the
energy of J = K = 0 level of gs(a) was set to absolute zero in Yu et al. [17] and Pearson
et al. [25]. Thus, it should be noted that all the energy levels are 0.79 cm"1 higher in
the NH3 energy levels from HITRAN 2012 [35,38] because HITRAN 2012 sets the
non-existing J = K = 0 level of gs(s) to absolute zero.

Table 1
Vibrational/inversion bands and their band centers studied in this work.

BIDa Bands Band centers (cm"1)b

1, 51 gs(a)–gs(s) 0.79
2, 52 v2(a)–v2(s) 35.69
3, 53 2v2(a)–v2(s) 284.70
4, 54 v4(a)–v4(s) 1.10
5, 55 v2–gs 931.64c 968.12c

7, 57 2v2–v2 629.35c 949.74c

9, 59 v4–v2 659.25d 693.84d

10, 60 v4–2v2, 2v2–v4 254.81d 28.80d

a BID is the identifier for the vibrational/inversion bands (see Fig. 1 for further
information), with BID < 50 for allowed transitions and BID > 50 for the corre-
sponding forbidden lines.

b Band centers are adopted from Yu et al. [17] and Pearson et al. [25].
c Two band centers are for the two subbands, s-a and a-s, respectively.
d Two band centers are for the two subbands, a-a and s-s, respectively.
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294 K, 18 m, 1 hPa, MOPD = 445 cm [Kabbadj et al., J Mol Spectrosc 150 (1991) 535]
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Far infrared spectroscopy ➙ Hot bands

294 K, 18 m, 1 hPa, MOPD = 445 cm [Kabbadj et al., J Mol Spectrosc 150 (1991) 535]

C2H2
<latexit sha1_base64="AGoly1hM0qvWopzINH7y+J5Utlk=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBFclKYIuXBS66bKCvUAbwmQ6bYfOTMLMRCihbnwVNy4UcetbuPNtnLQRtPWHgY//nMOc84cxo0q77pdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0QKcKoIC1NNSPdWBLEQ0Y64aSe1Tv3RCoaiTs9jYnP0UjQIcVIGyuwT/oc6bHkaX0WVH+4YTiwy27FnctZBS+HMuRqBvZnfxDhhBOhMUNK9Tw31n6KpKaYkVmpnygSIzxBI9IzKBAnyk/nF8ycc+MMnGEkzRPambu/J1LElZry0HRmO6rlWmb+V+slenjtp1TEiSYCLz4aJszRkZPF4QyoJFizqQGEJTW7OniMJMLahFYyIXjLJ69Cu1rx3Ip3e1mu3eRxFOEUzuACPLiCGjSgCS3A8ABP8AKv1qP1bL1Z74vWgpXPHMMfWR/fqTaW/A==</latexit><latexit sha1_base64="AGoly1hM0qvWopzINH7y+J5Utlk=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBFclKYIuXBS66bKCvUAbwmQ6bYfOTMLMRCihbnwVNy4UcetbuPNtnLQRtPWHgY//nMOc84cxo0q77pdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0QKcKoIC1NNSPdWBLEQ0Y64aSe1Tv3RCoaiTs9jYnP0UjQIcVIGyuwT/oc6bHkaX0WVH+4YTiwy27FnctZBS+HMuRqBvZnfxDhhBOhMUNK9Tw31n6KpKaYkVmpnygSIzxBI9IzKBAnyk/nF8ycc+MMnGEkzRPambu/J1LElZry0HRmO6rlWmb+V+slenjtp1TEiSYCLz4aJszRkZPF4QyoJFizqQGEJTW7OniMJMLahFYyIXjLJ69Cu1rx3Ip3e1mu3eRxFOEUzuACPLiCGjSgCS3A8ABP8AKv1qP1bL1Z74vWgpXPHMMfWR/fqTaW/A==</latexit><latexit sha1_base64="AGoly1hM0qvWopzINH7y+J5Utlk=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBFclKYIuXBS66bKCvUAbwmQ6bYfOTMLMRCihbnwVNy4UcetbuPNtnLQRtPWHgY//nMOc84cxo0q77pdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0QKcKoIC1NNSPdWBLEQ0Y64aSe1Tv3RCoaiTs9jYnP0UjQIcVIGyuwT/oc6bHkaX0WVH+4YTiwy27FnctZBS+HMuRqBvZnfxDhhBOhMUNK9Tw31n6KpKaYkVmpnygSIzxBI9IzKBAnyk/nF8ycc+MMnGEkzRPambu/J1LElZry0HRmO6rlWmb+V+slenjtp1TEiSYCLz4aJszRkZPF4QyoJFizqQGEJTW7OniMJMLahFYyIXjLJ69Cu1rx3Ip3e1mu3eRxFOEUzuACPLiCGjSgCS3A8ABP8AKv1qP1bL1Z74vWgpXPHMMfWR/fqTaW/A==</latexit><latexit sha1_base64="AGoly1hM0qvWopzINH7y+J5Utlk=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBFclKYIuXBS66bKCvUAbwmQ6bYfOTMLMRCihbnwVNy4UcetbuPNtnLQRtPWHgY//nMOc84cxo0q77pdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0QKcKoIC1NNSPdWBLEQ0Y64aSe1Tv3RCoaiTs9jYnP0UjQIcVIGyuwT/oc6bHkaX0WVH+4YTiwy27FnctZBS+HMuRqBvZnfxDhhBOhMUNK9Tw31n6KpKaYkVmpnygSIzxBI9IzKBAnyk/nF8ycc+MMnGEkzRPambu/J1LElZry0HRmO6rlWmb+V+slenjtp1TEiSYCLz4aJszRkZPF4QyoJFizqQGEJTW7OniMJMLahFYyIXjLJ69Cu1rx3Ip3e1mu3eRxFOEUzuACPLiCGjSgCS3A8ABP8AKv1qP1bL1Z74vWgpXPHMMfWR/fqTaW/A==</latexit>

⌫15 � ⌫14
<latexit sha1_base64="WBjHR8m9iCaFs4xbTJnxbC0dkXQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIbiyJVHThouDGZQV7gTYNk+mkHTqZhJmJUmofxY0LRdz6JO58GydtFtr6w8DHf87hnPmDhDOlHefbWlldW9/YLGwVt3d29/bt0kFTxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HoJqu3HqhULBb3epxQL8IDwUJGsDaWb5e6IvUvei46QxlVe65vl52KMxNaBjeHMuSq+/ZXtx+TNKJCE46V6rhOor0JlpoRTqfFbqpogskID2jHoMARVd5kdvoUnRinj8JYmic0mrm/JyY4UmocBaYzwnqoFmuZ+V+tk+rwypswkaSaCjJfFKYc6RhlOaA+k5RoPjaAiWTmVkSGWGKiTVpFE4K7+OVlaJ5XXKfi3lXLtes8jgIcwTGcgguXUINbqEMDCDzCM7zCm/VkvVjv1se8dcXKZw7hj6zPH/5Mkn8=</latexit><latexit sha1_base64="WBjHR8m9iCaFs4xbTJnxbC0dkXQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIbiyJVHThouDGZQV7gTYNk+mkHTqZhJmJUmofxY0LRdz6JO58GydtFtr6w8DHf87hnPmDhDOlHefbWlldW9/YLGwVt3d29/bt0kFTxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HoJqu3HqhULBb3epxQL8IDwUJGsDaWb5e6IvUvei46QxlVe65vl52KMxNaBjeHMuSq+/ZXtx+TNKJCE46V6rhOor0JlpoRTqfFbqpogskID2jHoMARVd5kdvoUnRinj8JYmic0mrm/JyY4UmocBaYzwnqoFmuZ+V+tk+rwypswkaSaCjJfFKYc6RhlOaA+k5RoPjaAiWTmVkSGWGKiTVpFE4K7+OVlaJ5XXKfi3lXLtes8jgIcwTGcgguXUINbqEMDCDzCM7zCm/VkvVjv1se8dcXKZw7hj6zPH/5Mkn8=</latexit><latexit sha1_base64="WBjHR8m9iCaFs4xbTJnxbC0dkXQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIbiyJVHThouDGZQV7gTYNk+mkHTqZhJmJUmofxY0LRdz6JO58GydtFtr6w8DHf87hnPmDhDOlHefbWlldW9/YLGwVt3d29/bt0kFTxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HoJqu3HqhULBb3epxQL8IDwUJGsDaWb5e6IvUvei46QxlVe65vl52KMxNaBjeHMuSq+/ZXtx+TNKJCE46V6rhOor0JlpoRTqfFbqpogskID2jHoMARVd5kdvoUnRinj8JYmic0mrm/JyY4UmocBaYzwnqoFmuZ+V+tk+rwypswkaSaCjJfFKYc6RhlOaA+k5RoPjaAiWTmVkSGWGKiTVpFE4K7+OVlaJ5XXKfi3lXLtes8jgIcwTGcgguXUINbqEMDCDzCM7zCm/VkvVjv1se8dcXKZw7hj6zPH/5Mkn8=</latexit><latexit sha1_base64="WBjHR8m9iCaFs4xbTJnxbC0dkXQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIbiyJVHThouDGZQV7gTYNk+mkHTqZhJmJUmofxY0LRdz6JO58GydtFtr6w8DHf87hnPmDhDOlHefbWlldW9/YLGwVt3d29/bt0kFTxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HoJqu3HqhULBb3epxQL8IDwUJGsDaWb5e6IvUvei46QxlVe65vl52KMxNaBjeHMuSq+/ZXtx+TNKJCE46V6rhOor0JlpoRTqfFbqpogskID2jHoMARVd5kdvoUnRinj8JYmic0mrm/JyY4UmocBaYzwnqoFmuZ+V+tk+rwypswkaSaCjJfFKYc6RhlOaA+k5RoPjaAiWTmVkSGWGKiTVpFE4K7+OVlaJ5XXKfi3lXLtes8jgIcwTGcgguXUINbqEMDCDzCM7zCm/VkvVjv1se8dcXKZw7hj6zPH/5Mkn8=</latexit>

Robert et al., Mol Phys 105 (2007) 559

Jacquemart et al., JQSRT 111 (2010) 1223

|R0| = 0.051 D
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J. Vander Auwera ISMS – 20 June 2018
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Pressure of  HOCl from FIR line intensities
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Absolute line intensities for O3 at 10 µm
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Drouin et al., JQSRT 203 (2017) 282

intercompares ozone sample properties between THz and IR or UV
have not been published. Work in the THz has largely focused on
line center determinations [32–42], or on lineshape analyses [35–
48], and none of these measurements relied on quantitative de-
termination of the amount of absorption.

2. Experimental

Fig.1 shows a schematic diagram of our experimental setup.
The experimental design combines powerful and simple THz
source technology with a well characterized commercial Fourier
transform spectrometer (FTS) in an effort to determine the ozone
concentration responsible for infrared absorption regardless of the
sample purity. To accomplish this a cross-beam configured system
was conceived with sufficient sensitivity for simultaneous collec-
tion of infared (10 mm) and THz (140 mm) spectra. Section 2.1 pre-
sents how we handled the gas sample to maintain a stable flow of
O3 up to 30 h, which was crucial for the success of the IR/THz cross
beam measurements. Sections 2.2 and 2.3 describe the details of
the IR and THz measurements.

In order to achieve sufficient pathlength to minimize effects of
random noise in the infrared transmission spectra, an ozone pres-
sure and path length must be chosen to produce 10 mm absorption
on the order of 50–100%. However, minimization of potential errors
due to baseline corrections in the THz spectra necessitates opera-
tion at pressures of r 250mTorr, below or near the THz Doppler
limit. This low pressure puts a substantial requirement on the in-
frared pathlength, such that it must be longer than 2m. The in-
strument is configurable in a myriad of ways for measurements
from 0.7 mm to 300 mm. Here the infrared source, a glowbar, and a
potassium bromide beamsplitter (KBr B/S) and gold optics are used
to provide a large parallel beam of modulated infrared light for
experimentation. Although the laboratory FTS, an IFS-125 HR from
Bruker, dominates the layout of Fig.1, there is not sufficient space in
the sample compartments for a 2m cell. The chosen configuration
uses the ‘back parallel exit’ of the modulated light to accomodate a
linear cross cell that terminates in additional optics and detectors

outside of the commercial instrument. The IR and THz pathlengths
in this extension are 3.814(6) and 0.7025 (50)m, respectively. In
addition to these pathlength challenges, the flow control of a re-
active sample such as ozone is further complicated when the
sample cell is embedded in a vacuum chamber.

The chosen configuration, which utilizes two-single pass (or
linear) absorption paths that cross and share a vacuum chamber,
provides a capability for simultaneous interrogation of a sample. A
simple capacitance manometer, calibrated to 0.25% accuracy of its
reading is attached to the sample cell opposite the sample inlet in
the THz sidearm region. This manometer is not a temperature
stabilized gauge and thus suffers somewhat from zero-point drift.
However, the pressure is only utilized for sample flow stabilization
and its value and error are shown not to contribute significantly to
the errors in the relative intensity measurements. At low pressures
the pressure measurement could be influenced by transpiration
effects [49], therefore large tubes with short, wide sidearms, were
utilized in slow flow conditions. The sample residence time at
maximal flow rate is about 30 s, and constriction of the flow at the
outlet of the system set longer residence times of up to several
minutes for the data collection. This decreased flow rate allows for
the diffusion time across the cell to be roughly equal to the re-
sidence time. For a reactive gas, the increased residence time re-
duces the mixing ratio of the gas in the cell, however, it increases
the lifetime of the sample and ensures that a good equilibration
occurs in the system. The resulting mixture of gas under inter-
rogation is therefore considered to be in a steady state. No de-
pendencies of the IR/THz intensities were observed to depend on
flow rate and it is assumed that there are no concentration gra-
dients in the system.

Temperature gradients of a few degrees are observed on the
meter scale around the laboratory, such that two platinum re-
sistance thermometers were used to evaluate the sample tem-
perature, one near the inlet of the sample on the outside of the cell
housing and one near the outlet embedded in the low pressure
sample. Furthermore, heat generating equipment was moved
away from the system to prevent periodic heat sources from in-
fluencing sample temperatures. The two probes were found to

Fig. 1. Schematic diagram of our IR/THz cross beam experiment. For the IR measurement, a parallel beam of modulated infrared light from a Bruker IFS-125HR FTS passes
through the long arm of a cross cell (single pass) and was detected by a MCT detector in a Bruker IFS-120 HR FTS. For the THz measurement, radiation from a THz source
passes through the short arm of the cross cell (single pass) and was detected by a quasi-optic detector. A reservoir of the sample gas was connected to the THz sidearm and a
vacuum pump was regulated and connected to its IR sidearm to maintain a gas flow during the recording of spectra.
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intercompares ozone sample properties between THz and IR or UV
have not been published. Work in the THz has largely focused on
line center determinations [32–42], or on lineshape analyses [35–
48], and none of these measurements relied on quantitative de-
termination of the amount of absorption.

2. Experimental

Fig.1 shows a schematic diagram of our experimental setup.
The experimental design combines powerful and simple THz
source technology with a well characterized commercial Fourier
transform spectrometer (FTS) in an effort to determine the ozone
concentration responsible for infrared absorption regardless of the
sample purity. To accomplish this a cross-beam configured system
was conceived with sufficient sensitivity for simultaneous collec-
tion of infared (10 mm) and THz (140 mm) spectra. Section 2.1 pre-
sents how we handled the gas sample to maintain a stable flow of
O3 up to 30 h, which was crucial for the success of the IR/THz cross
beam measurements. Sections 2.2 and 2.3 describe the details of
the IR and THz measurements.

In order to achieve sufficient pathlength to minimize effects of
random noise in the infrared transmission spectra, an ozone pres-
sure and path length must be chosen to produce 10 mm absorption
on the order of 50–100%. However, minimization of potential errors
due to baseline corrections in the THz spectra necessitates opera-
tion at pressures of r 250mTorr, below or near the THz Doppler
limit. This low pressure puts a substantial requirement on the in-
frared pathlength, such that it must be longer than 2m. The in-
strument is configurable in a myriad of ways for measurements
from 0.7 mm to 300 mm. Here the infrared source, a glowbar, and a
potassium bromide beamsplitter (KBr B/S) and gold optics are used
to provide a large parallel beam of modulated infrared light for
experimentation. Although the laboratory FTS, an IFS-125 HR from
Bruker, dominates the layout of Fig.1, there is not sufficient space in
the sample compartments for a 2m cell. The chosen configuration
uses the ‘back parallel exit’ of the modulated light to accomodate a
linear cross cell that terminates in additional optics and detectors

outside of the commercial instrument. The IR and THz pathlengths
in this extension are 3.814(6) and 0.7025 (50)m, respectively. In
addition to these pathlength challenges, the flow control of a re-
active sample such as ozone is further complicated when the
sample cell is embedded in a vacuum chamber.

The chosen configuration, which utilizes two-single pass (or
linear) absorption paths that cross and share a vacuum chamber,
provides a capability for simultaneous interrogation of a sample. A
simple capacitance manometer, calibrated to 0.25% accuracy of its
reading is attached to the sample cell opposite the sample inlet in
the THz sidearm region. This manometer is not a temperature
stabilized gauge and thus suffers somewhat from zero-point drift.
However, the pressure is only utilized for sample flow stabilization
and its value and error are shown not to contribute significantly to
the errors in the relative intensity measurements. At low pressures
the pressure measurement could be influenced by transpiration
effects [49], therefore large tubes with short, wide sidearms, were
utilized in slow flow conditions. The sample residence time at
maximal flow rate is about 30 s, and constriction of the flow at the
outlet of the system set longer residence times of up to several
minutes for the data collection. This decreased flow rate allows for
the diffusion time across the cell to be roughly equal to the re-
sidence time. For a reactive gas, the increased residence time re-
duces the mixing ratio of the gas in the cell, however, it increases
the lifetime of the sample and ensures that a good equilibration
occurs in the system. The resulting mixture of gas under inter-
rogation is therefore considered to be in a steady state. No de-
pendencies of the IR/THz intensities were observed to depend on
flow rate and it is assumed that there are no concentration gra-
dients in the system.

Temperature gradients of a few degrees are observed on the
meter scale around the laboratory, such that two platinum re-
sistance thermometers were used to evaluate the sample tem-
perature, one near the inlet of the sample on the outside of the cell
housing and one near the outlet embedded in the low pressure
sample. Furthermore, heat generating equipment was moved
away from the system to prevent periodic heat sources from in-
fluencing sample temperatures. The two probes were found to

Fig. 1. Schematic diagram of our IR/THz cross beam experiment. For the IR measurement, a parallel beam of modulated infrared light from a Bruker IFS-125HR FTS passes
through the long arm of a cross cell (single pass) and was detected by a MCT detector in a Bruker IFS-120 HR FTS. For the THz measurement, radiation from a THz source
passes through the short arm of the cross cell (single pass) and was detected by a quasi-optic detector. A reservoir of the sample gas was connected to the THz sidearm and a
vacuum pump was regulated and connected to its IR sidearm to maintain a gas flow during the recording of spectra.
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database transitions within the fitting window, an intensity cutoff
of 3× −10 20 cm−1/(molecule cm2) was utilized in order to prevent fit
divergence. This intensity cutoff spans from the strongest lines to
those up to 10! weaker, such that individual transition signal to
noise ratios range from 10 to 100. As in the intensity analysis of the
THz data, there are two results from this analysis (1) the random
uncertainties from the fitted transitions; (2) the deviations of the
intensities (and positions) from the database. Because the data-
base precision is comparable to the precision of this data set, and
because there are only minimal systematic deviations, the random
uncertainties and deviations have very similar distributions. The
lower panel of Fig. 5 displays the intensity deviations determined
from this fit and shows that this validation is limited by the ran-
dom noise associated with the measurements. The three spectra
were weighted based on their respective signal to noise ratios and
several dozen pairs of transitions were removed from the statis-
tical comparison due to correlation of parameters caused by
overlap of the transitions. The fitted data set subject to statistical
analysis contains 767 transitions, the statistical comparisons with
HITRAN 2012 include: (1) a 57(1)× −10 6cm −1 shift of the line po-
sitions, (2) a 30 × −10 6 cm −1 standard deviation of the positions,
(3) a relative standard deviation on the intensities of (1s) of 2.8%
(4) a distribution offset of the relative intensities of 0.38(1)%. The
first statistic indicates that the wavenumber scaling factor d1, de-
termined before etalon fitting, is imprecise, and a value about 20%
smaller would better match the raw data. The second value de-
scribes the precision of both the retrieved line positions and the
database, and the average uncertainty in retrieved line position is
about ! 2 smaller, indicating that the present data may be slightly
more precise than the database. The third statistic indicates that a
majority (68% confidence) of the intensities in the database and
this data set agree to within 2.8%. The agreement of relative in-
tensities with the database is comparable to the average un-
certainty, 2.4%, of the fitted intensities. The final statistic, showing
a measurable deviation of the infrared intensities from the mean,
is within the 1.5% accuracy given for the ozone infrared columns
implemented.

This validation of the 10 mm transition intensities is clearly limited
by the signal to noise of the infrared measurement and could be
improved through further integration time. However, it is note-
worthy to point out that the multispectrum analysis provides ex-
tended dynamic range and heightened immunity from systematic
errors compared with validation based on a single spectrum. In-
tuitively the spectral lines with the highest signal-to-noise ratio are
the ones that are confirmed, but the effects of saturated absorption
stunt the ability to retrieve intensity independently from self-broa-
dened linewidth, such that the combination of saturated and de-
saturated spectra in a single solution enables retrieval of intensities at
the transmission noise level (a few percent) over two octaves from
the strongest transitions at 4 × −10 20 cm −1/(molecule cm2) to the
cutoff at 3× −10 20 cm −1/(molecule cm2). To extend the depth of this
validation with the current experimental set-up, a larger column
would have to be maintained. Given the challenges associated with
maintaining the sample for extended periods this may require a
larger sample reservoir and slower flow rates.

5. Discussion

For the seven THz ozone transitions measured in this study the
line center parameters extracted can be compared to the JPL da-
tabase (based on Refs. [32–34,42]). Six out of seven line centers are
outside the estimated (1s) uncertainty in the JPL database, how-
ever, the values are all within 100 kHz (0.33× −10 6 cm −1), which is
comparable to the uncertainty of generic THz measurements.

The THz lineshape parameters determined in this study are ill-
defined due to a poor sampling of pressures and mixing ratios.
Nevertheless, the values can be compared with those given in HI-
TRAN and similar measurements in the THz range [42,43,46–48].
Only the self broadening parameters seem to follow the expected
values, which range from 3–15% higher than HITRAN, with an aver-
age of 9% stronger self broadening. The oxygen broadening para-
meter is expected to be close to the air broadening value, however, a
significant decrease (! 5) in this value is observed. The self-shift

Fig. 5. Results of analyses to assess the random error of the intensity measurements. The upper panel depicts deviations of THz intensities from the HITRAN 2012 database,
the lower panel depicts deviations of the infrared (10 mm) intensities from the HITRAN 2012 database. The shaded box represents the 1.5% systematic error bar.
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FIR spectroscopy of  cis-methylformate

!24

296 K, 152 m, 1.54 hPa, resolution = 0.0012 cm–1

Tudorie et al., J Chem Phys 137 (2012) 064304
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FIR spectroscopy of  cis-methylformate
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vt = 2� 1

vt = 1� 0

296 K, 152 m, 1.54 hPa, resolution = 0.0012 cm–1

Tudorie et al., J Chem Phys 137 (2012) 064304
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Extensive MW measurements

Ilyushin et al., J Mol Spectrosc 255 (2009) 32

Calculated spectrum
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Objectives

!25

Extensive MW measurements

Ilyushin et al., J Mol Spectrosc 255 (2009) 32

Calculated spectrum

Origin ?

Intensity ?
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Dense spectrum
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Dense spectrum
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How to 
➙ Measure line parameters? 
➙ Assign the lines?
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Fit using predicted linelist

!27

Predicted positions & relative intensities (V. Ilyushin)
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Fit using predicted linelist

!27

Sband ⇡ 2.8 10�21 cm/molec

�0 = 132.43 cm�1(A�A)
131.84 cm�1(E� E)

Predicted positions & relative intensities (V. Ilyushin)



152 m, 296 K, 10 hPa
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The FIR pure rotation spectrum of  CH4

!28

R(11)

R(10)

Boudon et al., JQSRT 111 (2010) 1117
188 line intensities (J" = 2 – 14)

GS, v4 = 1 & ν2 – ν4 bands
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The FIR pure rotation spectrum of  CH4

!28

R(11)

R(10)
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Conclusion

! High resolution FIR spectroscopy

! Conventional and synchrotron sources

! Retrieval of line intensities and broadening coefs

! Determination of partial pressures 
➥ intensities in other spectral ranges

! Lively field ➙ See following talks

!29
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Thank you!


