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Fig. 1 Schematic diagram of Free Electron Laser at Tokyo University of Science (FEL-TUS).
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Fig. 2 (Color online) The repetition frequency of FEL-TUS is 5
Hz: Pulses oscillating every 200 ms are called macropulses.
Each macropulse consists of a string of micropulses at 350 ps
interval.
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Fig. 3 Vibrational energy level regions of molecules. Reproduced
form ref. 3.
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Fig. 4 Isomerization reaction of 2,3-dihydrofuran (2,3-DHF)
driven by infrared multiphoton excitation.

Hgt May 2021 Vol.34 No.3 ¢ 127



LAREMEAAEL B, ABFFED B9, 2,3-DHF % FEL-
TUS Tt % C & TEBEIEZRIEDPHRTEHDT
BHIM? ERRIGHET BBE, B RRKIG & e b
RIGTRED LD IBECRDLDEAD M, DT E%
HOLNCT A LICH 5,

EBRHEBBO T VIV THY, 45§12 FEL-TUS
WAL, KISER T EREGTH TS I L-> T D,
Thbb, AFV LV ABMOEIVIC23-DHF # & AL,
FEL-TUS 7 6O L v A & » TEXRSS
b, —TRERONIEHE, YIVHOILEWE T A7 < |
7S5 7 BRSHE (GC-MS) 1T &k Todr LA % [
FELIEIH, BT Thb 2,3-DHF Ot i Y65 Bk
LA CTH %S CPCAB LU CAZEAEY & L CHER
THIEPTE, FIWETIDAD, WMEEERD TH
L7V EBLU2-TEaRF—IBERL TWBH T &
LR SN 7o BSUL TG EBY P S SIS BRI X
> TC2RAERW £ U % A EE O R AR FE S
NTEY, HRERWEPVDIEINSNASIThLENVWD A A—
VTHLHD, KRG ZIC T 5 &7 A RIS ET
BT —VEERT 525 P15,

Fig. 5 (3 CPCA ¥ LU CA 4 &% FEL-TUS O##
IZRLc/ay FL2bDOTH S, MFFELHRIT 2,3-DHF
O FT-IR B A7 P (E— 27 £+ ~1620 cm 1)
THY, TONY R C=CHiEIRIIHILL TWb,
CPCABIUCADAKERZN LB L T —7 B K
WeHEl (~1580cm—1) ICV 7 F L TWACZ AR THh
b THUEEICRANT X DI FIRE OIEFFINEICF S <
FNA KT ERCEREOHETH %,

Fig. 5 1. CPCA DAL CA DAERIEKRDORK 3 {5
ThhHIEHbnb, FEL-TUS % 2,3-DHF O B
T—FEB XU CC-HEMAE— FRNFEAET 51000~ 1200

0.21

0.184

FT-IR

0.154 /}
0.12- CP07 \
0.094

0.064

0.034

[Reaction products)/[Initial 2,3-DHF]

0.004

1520 1 5I40 1 5I60 1 5I80 1 6I00 1 6'20 1 6I40 1660
FEL Wavenumber (cm™)

Fig. 5 (Color online) Action spectra for the isomerization products
(square: CPCA, triangle: CA)and FT-IR spectrum (black
line) of 2,3-DHF in the vicinity of the C = C stretching mode
of 2,3-DHF. Horizontal axis corresponds to FEL wavenum-
ber, while vertical axis to the ratio of partial pressure of the
product to the initial pressure of 2,3-DHF. Reproduced
from ref. 4.
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Fig. 7 Infrared absorption spectra of normal B-propiolactone. Cal-
culated wavenumbers are indicated by black (12C com-
pound) and white sticks (13C compound), respectively.
Reproduced from ref. 6.
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Fig. 8 Upper panel: Relative yields of 3CO, (open circle) and
12CO, (solid circle). Lower panel: Selectivity of 8,3 (open
triangle) and B, (solid triangle) . Horizontal axis: FEL-TUS
wavenumber. Reproduced from ref. 6.
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Fig. 9 (Color online) Structure of NH; —(NH;); in the gas phase.
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Fig. 10 (Color online) Schematic diagram of the experimental setup.
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tion spectra of NH; —(NHj) ; assuming the molecular struc-
tures indicated, respectively. Reproduced from ref. 8.
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Fig. 13 (Color online) Left panel: REMPI spectra in the region of the B(v,=1)< X(v,=0)two-photon transition of
free NH;. a) UV laser only, b) UV and IR-FEL (952 cm~!), and c) difference spectra b)—a). Right panel:
Schematic energy level diagram for REMPI spectra. Vertical axis is not scaled linearly. Reproduced from ref. 11.

Intensity (arb. units)

i 2] PAR RS pS,(1)

i 0 PQR PR 1S PSi(1)
2y m—T—T 1

FEL ~932 cm™'

*

L e e T T
58200 58300 58400

UV Two-Photon Wavenumber (cm”')

Fig. 14 (Color online) Left panel: REMPI spectra in the region of the B (v,=0)«X(v,=1) two-photon transition of
free NH; with irradiation of IR-FEL at a) 971, b) 952 and c¢) 932 cm~!. Right panel: Schematic energy level dia-
gram for the two step excitation by FEL. Vertical axis is not scaled linearly. Reproduced from ref. 11.
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Application of infrared free electron laser to
molecular spectroscopy and molecular science

Koichi TSUKIYAMA Department of Chemistry, Faculty of Science Division |, Tokyo University of
Science, 1-3 Kagurazaka, Shinjuku, Tokyo 162-8601, Japan
Infrared Free Electron Laser Research Center, Tokyo University of Science,
2641 Yamazaki, Noda, Chiba 278-8510, Japan

Abstract Infrared free electron laser at Tokyo University of Science (FEL-TUS) is a pulsed laser oscillating
in the mid-infrared region (5~ 10 um), which corresponds to the vibrational frequencies of molec-
ules. The high photon density of FEL-TUS can drive an optical phenomenon called infrared mul-
tiphoton excitation, in which a number of photons are absorbed at a time. These characteristics
enable us to excite specific vibrational modes in molecules, to generate highly vibrationally excit-
ed molecules, and to induce chemical reactions including dissociation and ionization of molecules.
The current article describes the results of our experimental research toward molecular spec-
troscopy and molecular science that would not have been possible with conventional infrared light
sources.
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