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Abstract The technique of laser resonance magnetic resonance allowsone
to study the high-resolution spectroscopy of transient paramagnetic
species, viz, atoms, radicals, and molecular ions. This article is a
brief exposition of the method, describing the principles, instrumen-
tggion and applicability of the IR and FIR - IMR and shows results for
HF ",

Laser Magnetic Resonance (LMR) spectroscopy is anew technique
developed during the last decade for high-resolution studies of tran-
sient paramagnetic specits, viz. atoms, radicals, and molecular ions.
LMR is closely related to the technique of gas-phase electron paramag-
netic resonance (EPR) . In both experiments the paramagnetic energy
levels of atoms or molecules contained in a resonant cavity are tuned
by a DC magnetic field until their eqgergy difference matches that of
a fixed frequency source. The final product of the spectrometer is then
an absorption spectrum of the species as a function of magnetic flux
density. The principal distinction between the LMR and HEPR experiments
is that BPR transitions occur between different magnetic sublevels (MJ)
of a single angular momentum state (J) , whereas LMR transitions occur
between different rotational (molecules) or fine-structure (atoms) an-
gular momentum states.

The concept of far-infrared laser magnetic resonance (FIR~LMR)
originated when Professor M. Mizushima first pointed out the near co-
incidente of the ¥ =5 J =5 M=-4 §=3 J=4, M= -4 magnetic

dipole transition of g, with the frequency of the 339 um HCN laser

line, and the possibility of Zeeman tuning these levels intocoincidence
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with the laser!. In 1968, Evenson and co-workers?, actually demon-
strated this effect using a fixed-frequency far-infrared laser, instead
of the microwave source normally employed in EPR.

Several kinds of information can be extracted from an LMR-
~spectrum. Important molecular information, such as rotational con-
stants, fine-structure interactions, hyperfine parameters, spin den-
sities, field gradients and molecular g-factors can be obtained with a
high degree of accuracy from the measured line positions; kinetic and
dynarnic data are extracted from intensities and linewidths. This tech-
nique not only effects a precise determination of these molecular con-
stants, but also makes it possible to detect weak free-radical spectra
in the presence of many strong neutral absorbers; this selectivity
makes LMR an important tool for use in reaction kinetics studies, in
reactive intermediate are monitored.

IMR is one of the most sensitive spectroscopic methods in
existence, relative to other competing techniques, such as conventional
optical and microwave spectroscopy and gas-phase EPR Its sensitivity
is similar to that of laser-induced fluorescence.The resolution attain-
able with LMR, however, is comparable with that of microwaves spectro-
scopy and gas-phase EPR. Hence its sensitivity - resolution product is
far greater than for any other direct spectroscopy method. Furthermore,
the only rigorous constraint on the applicability of the method is that
the species of interest must be paramagnetic.

In his Spiers Lecture to the Faraday Society, Evenson? pre-
sents a list of atoms, molecules, free radicals, ions studied bythe LMR
technique, including: atorns: 0, C; ground state radicals: 0,,NO, CH,PH,
NH, CRO, CF, C(H, OD, SeH, SeD, S, NO HQ HCO, PHy, H,, CH, QH,
@H,0, CH,F, CH,0H ; metastable states of: 02, PH, H02, CO, NF molecular
ions: HBr and DBr . Species studied since this review include: He' k,
se0 °, a4 °,0H 7, FsO °,Ce50 °, sHF ®, CH, *°,NHD ', 0, ' p0,'?,
PD 13’ pol3rit, AsH 13, and the molecular ions HC!L+ 15, and HF+ re,

A LMR-spectrum is assigned and analyzed with the use ofa non-
-linear least squares routine incorporating an accurate molecular
Hamiltonian. The standard procedure for theoretical work in this field
is to consider the Zeeman and hyperfine Hamiltonian as perturbations to

the rotational-fine structure!’. The Zeeman effect, in the first-order,



takes the form
Hz = U,B (g:—; M+ gt
+

where g;. is a complex functions of molecular g-factors, the rotational
quantum number, and fine-structure parameters. The 9 factors are de-
termined for each rotational level J. This first-order correction is
clearly not sufficient accurate, and several complicated higher-order
corrections are required. Most of the theory required to analyze LMR
-spectra was worked out earlier by Carrington and co-workers and is
contained in the review by Carrington, Levy and Miller'®. J. M. Brown!?®
and L. Veseth2°’2! havc since developed more precise formal isms. The
high precision of the experimental data requires a very detailed theor-
etical description of Zeeman effect in a molecular state which is sub-
ject to both a complex fine and a hyperfine structure, particularly
when a strong magnetic field is applied.

The LMR-spectrometer consists essentially of a FIR-laser
pumped by a CO,-laser, an electromagnet, and associated electronics and
vacuum equipment (Fig.1) . The FIR-laser is a symmetric near-confocal
Fabry-Perot resonator, designed to contain the absorption cell. The ab-
sorption cell is separated from the gain cell by a 12.5um polypropylene
beamsplitter, set at the Brewster angle; the beamsplitter can berotated
about the laser axis, to provide parallel (v) and perpendicular (a)
polarization of the FIR-laser electrical field relative to the trans-
verse DC magnetic field; hence, electric dipole transitions with either

A¥ =0 (v) or 21 (0) can be selected??

. The gain cell of the FIR-laser
is pumped by a line-tunable CO2 - laser. A micrometer-driven mirror is
translated to select a single longitudinal mode of the desired laser
line. An intracavity iris diaphragm eliminates higher order transverse
modes. The detection volume is a small region (- 2 cm®) defined by the
intersection of the mutually perpendicular FIR-laser beam, homogeneous
magnetic field, and the sample flow tube. Transient species are prod-
uced in the detection volume by flames or OC discharges suitable in-
stalled into the intracavity absorption cell.

The first derivative of the laser absorption is observed be-
cause an A.C. magnetic field.is superimposed on the DC field of the

electromagnet, and phase sensitive (PSD) detection is employed. The
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Fig.l - Far-infrared laser magnetic resonance spectrometer

large sensitivity enhancernent obtained with AC magnetic field modu-
lation is necessary for this experimental because the attenuation of
the FIR-laser radiation by absorption of the sample is generally only a
small fraction of the output power. A NMR-gaussmeter is used to make
magnet-flux density measurernents.

The extremely high sensitivity of the FIR-LMR technique re-
sults from two principal factors: 1) Absorption strengths for pure ro-
tational transitions generally vary as VP with n = 1-3, depending on
the rnolecule linewidth, and ternperature. 2) Intracavity detection pro-
vides a nonlinear enhancernent of 1-50 over that determined from the
passive Q of the cavity.

An obvious extension of FIR-LMR is infrared LMR (IR-LMR)which
uses CO(A = 5-7 um and €0, (A = 9-11 pm lasers as source. This exten-
sion rnakes possible the study of vibration-rotation and electronic

spectra of atoms and molecules. The general arrangements of the IR-LMR
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spectrometer are the same as those of a FIR-LMR spectrometer except for
some finer details. For example, the detector must be appropriate for
wavelength regions A = 5-7 uym and/or A = 9-11 um. Reference 23 presents
a design for this type of spectrometer.

The sensitivity of the FIR-LMR spectrometer (~2x10° molecules
/cm® Ref.1 is about 1-2 orders of magnitude higher than that of IR1LMR
spectrometer, but these estimates are dependent on the particular mol-
ecule and on the sophistication of the apparatus. The resolution of the
IR-LMR spectrometer is determined by the dorninant source of line
broadening; typical Doppler widths and pressure broadening linewidths
- are 40-150 MHz, and 2-20 MHz, respectively®*, whereas the FIR-LMR
spectrometer exhibits 0.5-5 MHz and 1-20 MHz for these parameters.

The analysis of the spectra from IR-LMR is similar to that for
FIR-LMR, but is greatly simplified, since hyperfine structure is not
usually observed and the level of precision is much less demanding.

From reference 24, the atoms and molecules studied up to 1980
by the IR-LMR technique are: CR, Hg* He*, NO, NO ,, NF, , HCO, DCO, NH,,
ND,, PH,, HO,, DO,, SeH, SeD, FO, CRO, Br0, SD, (RO Se0, NSe, S0, SO,
CH, CH,0(?), FCO(?), NCO. And now, must be included: Kr ?°, Xe?®,
FO 28, F 27, HSO 2%, FO, 29, CH, %°, SiH, 3!, NCO %2, seD 3%, DO, 3%,
Bro 35, NF, 3¢, m 37, and NH, %8,

The high sensitivity of LMR-spectroscopy make it a powerful
technique for detecting molecular ions, transient atoms, and free rad-
ical~.Their short life-times and small densities observed in the {ab-
oratory were previously formidable obstacles to their discussion. The
experiment of Saykally and Evenson®® demonstrated a suitabie way to ob-
tain molecular ions Znm situ with a DC glow discharge maintained inside
the lasef cavity, using a cooled solenoid magnet to providethemagnetic
field. They were able to produce and detect far-infrared LMR-spectra of

* 15 and HEY 'S were produced

Ber® and DBrY jons: Later, other ions, HC%
and detected by the Saykally group at Berkeley using a new design for
the FIR-LMR-spectrometer, with an electromagnet instead of a solenoid,
providing the advantage of large range of magnetic field (. 2 T) and
with the possibility of using both polarizations of the laser radiation.
In the case of the molecular ion I—F+, the FIR-LMR-technique was able to
provide a spectrum with both the F-hyperfine and H-hyperfine structure

resolved.
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Figure 2 shows the FIR-LMR spectrum of the rotational tran-
sition J = 3/2 - 5/2, MJ = -3/2 » -1/2, of thestate X2II3/2 of the
molecular ion HF , tuned into resonance with the 122.4 um {CH,F,) line
of the FIR-laser by the magnetic field. The splitting due to lambda-
-doubling of the electronic state and the large F-hyperfine intersec-
tions are indicated. The smaller four doublets splitting are due to the
hyperfine interactions of the H-nucleus.

From measurements of the magnetic field and the laser fre-
quency it is possible to determine the value of the molecular constants
through a non-linear least squares analysis. The uncertainties result
from a laser frequency uncertainty of *0.5MHz and an uncertainty in
the magnetic flux density nieasurements of about 0.5 G at values less

than 10 KG and about 2G at values above 10 KG.

HF ¥ x2n3,2
M‘J =-3/2—=-1/2
J=3/2-—+-5/2

| I { . | ; | !
10.0 1.0 kG 2.0 13.0

Fig.2 - The HEY spectrum recorded with the 122.5um CH,F, laser. HF+ was
generated in a 60Hz discharge operating with 500V and 9mA {r.m.s.values)
in 94Pa of helium containing a trace of HF.



Given the recent success with the molecular ions HBr+, HC5L+,
HF+ and other isotopes of the Group VI| of the Table of the Elements,
the ions HI* is a natural candidate for a LMR search. This search, un-
successful until now, is certainly due to the lack of good optical data
for the molecular constants necessary to predict the coincidences be-
tween transitions and the far-infrared lasers.

Radio-astronomical observations, have been extended into the
far-infrared region*?,*!, Such irivestigations require anaccurate knowl-
edge of the frequencies of transitions of the excited states of atoms
and molecules. This accuracy can be obtained from LMR measurements. The
discovery of atomic carbon*® in Orion was made possible fromLMR measur-
ements of C which yielded a precise value of the fine-structure separ-
ation*2?. As the nuclear spin of the 12¢ isotope is zero, the ground
electronic state has no hyperfine spectra that can be detected by
radioastronomy.

Chemical processes taking place in the earth's atrnosphere are
of importance in many ways, involving air pollution, communications and
meteorology. The identification of some chemical species present in the
earth's atmosphere and the measurements of their abundance as function
of time is important in the study of there problems. It is apparent
from recent research that ions have important roles in the nucleation
process that lead to soot formation*?®; hence a cognizance of ionic
properties and reactions will be useful in the design of energy-ef-

ficient and pollution-free combustion systerns.

SUMMARY

From a LMR-spectrum we can directly obtain accurate values
for the rotational constants, centrifugal distortions, hyperfine con-
stants, lambda-doubling constants, electron spin-rotation constants,
quadrupole coupling parameters, and molecular g-factors. In addition,
measurements of cross-spin transitions (AQ # 0) directly determine the
spin-orbit parameter and the spin-spin parameter for state with s 31 L
Once these parameters are determined, intimate details of the geometri-
cal and electronic structures of the molecules are revealed.

The high sensitivity and resolution attainable by the LMR

technique make it applicable to the study of very reactive species; how-
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ever, thereare limitations: a) transitions to be studied must have
Zeeman effects large enough to bring them into resonance with laser
lines; b) for Hund's case (a) diatomic and linear polyatomic molecules
the Zeeman effect rapidly decreases with the increase of rotational
quantum number. When the electron spin is decoupled by large Zeeman
fields from the molecular frarnework, as in case (b) molecules, electric
dipole transitions to be observed*®,

Another limitation is the number of far-infrared laser lines
available, which 1imits the possibilities of coincidence with relevant
molecular transitions; it must be noted that the FIR lasertechnologyis
in a stage of strong development, and much effort is being expended in
the development of tunable FIR laser sources. Hence LMR should become
an even more powerful tool for investigating transient species in the

future.

CAF expresses his gratitudetoa CNPq fellowship which enabled
him to participate with the research group under the guidance of Pro-

fessor RJ. Saykally.

REFERENCES

1. KM. Evenson, R.J. Saykally, D.A. Jennings, R.F. Curl, Jr., and J.
M. Brown, Chemical and Biochemical Applications of Lasers, Vol. V,
C. B Moore, Ed., Academic Press, New York, 1980, p.95.

2. KM. Evenson, H.P. Broida, J.S. Wells, R.J. Mahler, and M.Mizushima,
Phys. Rev. Lett., Vol. 21(15), 1038 (1968) .
KM. Evenson, Faraday Discuss-Chem. Soc., 71, 7-14 (1981).
M. Rosenbluh, H. Le, B Lax, R. Panock, and T.A. Miller, Opt. Lett.,
6{(2), 99-101 (1981) .

5. K. Hakuta and H. Uehara, J. Mol. Spectrosc., 85(1), 97-108 (1981).

6. JM. Brown and KM. Evenson, J.Mot. Spectrosc. 98(2) , 392-403 (1983);
Astrophys. J., 268, L51-56 (1983).

7. JM. Brown, CM.L. Kerr, F.D. Wayne, KM. Evenson, and H.E.Radford,
J. Mol. Spectrosc., 86(2), 544-54 (1981) .

8. H.E. Radford, F.D. Wayrie, and J.M. Brown, J.Mol.Spectrosc. 99 (1),
209-20 (1983) .

9. Y .M.Gershenzon, S.D. Il1'in, S.I. Kucheryavyi, Y.S. Lebedev, and V.
B Rozenshtein, Khim Fiz. (Russ.) 11, 1567-9 (1982) .

88



10.

11.

12.

13.
14.

15.
16.

20.
21.
22.
23.

24.
25.
26.
27.

28.
29.

30.

ARW. McKellar, P.R. Bunker, T.J. Sears, KM. Evenson,R.J.Saykally,
and S.R. Langhoff, J.Chem.Phys. 79 (i1), 5251 (1983) ; T.J.Sears, P.
R. Bunker, ARW. McKellar, KM. Evenson, D.A. Jennings, and J. M.
Brown, J.Chem.Phys. 77(11), 5348-62 (1982).

A.Carrington, J.S.Geiger, D.R. Smith, J.D. Bonnett, and C. Brown,
Chem. Phys. Lett. 90(i1), 6-8 (1982).

M.Mizushima, KM. Evenson, J.A. Mucha, D.A. Jennings, and J. M.
Brown, J. Mol. Spectrosc. 100(2), 303 (1983).

E. Hirota, J. Phys. Chem. 87, 3375-83 (1983).

K. Kawaguchi, S. Saito, and E. Hirota, J. Chem. Phys. 79{2), 629-34
(1983) .

D. Ray, K.G. Lubic, and R. J. Saykally, Mol. Phys. 46, 217 (1982) .
D.C. Hovde, E. Schafer, S.E. Strahan, CA. Ferrari, D. Ray, K G.
Lubic, and R.J. Saykally,Mol.Phys. 52(1), 245-249 (1984),

. HEE. Radford, Phys. Rev. 122, 114 (1961) ; H.E. Radford, Phys. Rev.

126,, 1035 (1962).
A. Carrington, DH. Levy, and T.A. Miller, Adv. Chem. Phys. 18, 149

(1970) .

. JM. Brown, M. Kaise, CML. Kerr, and D.J. Milton, Mol. Phys.36(2),

553 (1978) .

L. Veseth, J.Mol.Spect. 59, 51-62 (1976).

L. Veseth, J.Mol.Spect. 63, 180-92 (1976) .

C.J. Howard and KM. Evenson, J.Chem.Phys. 61(5), 1943 (1974) .

W. Rohrberck, A. Hinz, P. Nelle, MA. Gondal, and W. Urban, Appl.
Phys. [Part B] B31(3), 139-44 (1983).

ARW. McKellar, Faraday Discuss-Chem. Soc. 71, 63-76 (1981).

T.J. Sears and ARW. McKellar, Can. J. Phys. 60(3), 345-8 (1982) .
ARW. McKellar, J.Mol.Spectrosc. 101(1), 186-92 (1983).

MA. Gondal, W. Rohrbeck, W.Urban R.Blanckart, and J. M. Brown, J.
Mol. Spectrosc., 100(2), 290 (1983).

T.J. Sears and ARW. McKellar, Mol.Phys. 49 (1), 25-32 (1983).

F. Temps, H.G. Wagner, P.B. Davies, D.P. Stern, and KP. Christe,J.
Phys. Chem. 87 (25), 5068 (1983) ; P.B. Davies, F. Temps, H.G. Wagner,
and D.P. Stern, Report 1982, Order No. N83-25506, 22 p. Avail. NTIS
from Gov. Rep. Announce Index (U.S.) (19), 4665 (1983).

T.J.sears, PR. Bunker, and A.R.W.McKellar, J.Chem.Phys.77(11) 5365-
-9 (1982).

89



31,

32.

33.
34.
35.
36.
37.
38.

39.
40.

41.

42.
43,

44,

45,

L.N. Krasnoperov, V.R. Braun, UV. Nosov, and V.N. Panfilov, Kinet.
Katal. 22(5), 1332-5 (Russ.) (1981) ; V.R. Braun, LN. Krasnhoperov,
V.N. Panfilov, Dokl. Alcad. Nauk SSSR {(Russ.) 260(4), 901-3 (1981)
[Phys. Chem.].

C.E. Barnes, J.M. Brown, AD. Fackerell, and T.J. Sears, J. Mol.
Spectrosc. 92(2) , 485-96 (1982).

J.M. Brown and AD. Fackerell, Phys. Scr. 25(2), 351-9 (1982).

H. Uehara, J. Chem. Phys. 77(7), 3314-18 (1982).

ARW. McKellar, J. Mol. Spectrosc. 86(i), 43-54 (1981).

K. Hakuta and H. Uehara, J. Chem. Phys. 74(11), 5995-9 (1981) .

H. Uehara and K. Hakuta, J. Chem. Phys. 74(8), 4326-9 (1981).

T. Amano, K. Kawaguichi, M. Kakimoto, S. Saito, and E. Hirota, J.
Chem. Phys. 77(1), 159 (1982},

R.J. Saykally and K. M. Evenson, Phys. Rev. Lett. 43, 515 (1979).
T.G. Phillips, P.J. Huggins, T.B.H. Kuiper, and RE. Miller, Astro-
phys. J. Lett. 238,L103 (1980).

H.R. Fetterman, G. Koepf, P.F. Goldsmith, B.J. Clifton, D. Buhl, N.
R. Erickson, D.D. Peck, N. McAroy, and P.E. Tannenwald, Science, 211,
580 (1981) .

R.J. Saykally and KM. Evenson, Astrophys, J., 238, L107 (1980} .

1. Tanzawa and W.C. Gardiner, Jr., Seventeenth Symposium (interna-
tional) on Combustion, p. 563. The Combustion Institute (1978) .
R.J. Saykally, K.G. Lubic, and KM. Evenson, "Molecular |ons:
Geometric and Electronic Structures", NATO ASI, ed. J.
Berkowitz, Kos. C.D. Reidel, 1980.

E. Hirota, J. Phys. Chem. 87, 3375-83 (1983),

Resumo

A técnica de ressonancia magnética com laser (LMR) permite-

-nos estudar espectroscopia de alta-resolucao de espécies paramagnéti-
ca de transicao, a saber, atomos,radicais e ions moleculares. Este ar-
tigo é uma breve exposi¢do do método, descrevendo os principios,ins-
trumentacdo e aplicagao do LVR na regido do infravermelho e infrg-ver-
melho longinquo, apresentando resultados para o ion molecular HF .



