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Abstract. Experimental set-up for studying effects of a strong magnetic field on a structure and a decay
dynamics of molecules, was designed and constructed. A vacuum chamber, in which a molecular beam
propagated, was mounted in a bore of a superconducting magnet. Laser light crossed the molecular beam
in the magnetic field and excited the molecules. Fragment or parent ions produced through sequential decay
processes, were extracted by an electric field parallel to the magnetic field and detected by a microchannel
plate. By measuring the time-of-flight from the photo-excitation to the ion-detection, a species of ions —
mass and charge state— was identified. A performance of the set-up was demonstrated using the resonance
enhanced multiphoton ionization process through the X2Π−A2Σ+ transition of nitric oxide (NO) molecules.
A mass resolution m/∆m ≥ 180 ± 6 was obtained in the field up to 10 T. This was the first successful
result demonstrating the sufficient mass resolution obtained by the time-of-flight technique in the strong
magnetic field up to 10 T. Parent NO+ ions were selectively detected by the mass spectrometer and the
ion current was measured as a function of the frequency of the laser light. Rotational transition lines were
measured with a sufficient S/N ratio in the field up to 10 T.

PACS. 39.10.+j Atomic and molecular beam sources and techniques – 82.80.Rt Time of flight mass
spectrometry – 33.55.Be Zeeman and Stark effects

1 Introduction

Effects of a magnetic field on atoms and molecules have
been long attractive subjects. In a weak field Zeeman ef-
fect was, and in somewhat stronger field Paschen-Back
effect was observed. In a stronger field of 2.7 T, quadratic
Zeeman effect was observed in highly excited alkali-metal
atoms [1]. Highly excited states were selected because they
were sensitive to the external field. In a field of 2.5 T,
Garton and Tomkins first observed the Landau resonance
due to cyclotron motions of electrons induced by the mag-
netic field, in the continuum above the zero-field ionization
limit of Ba atoms [2]. After these earlier studies, a num-
ber of studies on the quadratic Zeeman effect of atoms
[3–6] and on the Landau resonance of atoms [7–12] were
reported. A number of studies were also reviewed in ref-
erences [13,14].

For molecules, however, since their energy structures
are far complicated and the energy of their levels over-
laps more complicatedly as the molecular size or the field
strength increases, the spectroscopic approaches were dif-
ficult. Thus, in most of experiments [15–17] and calcula-
tions [18–20] where the effects of the magnetic field were
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studied, the field strength was limited to low (∼1 T), the
species of molecules studied were limited to diatomic or
small ones, and only the low energy region below the ion-
ization limit was probed. Takazawa et al. prepared nitric
oxide (NO) molecules in gaseous flow in a strong field
of 10 T generated by a superconducting magnet, excited
them by a double resonance method above the ionization
limit and first succeeded in observing Landau levels of
molecules. Their success was due to the strong field to ex-
tend the energy difference between the neighbouring res-
onance enough to be resolved and the double resonance
technique to reduce the energy-overlapping of the transi-
tions. However, the observed resonance width was broad
due to the collision-induced ionization [21]. Therefore, in
order to observe the energy structure of highly excited
molecules in a magnetic field, they should be prepared
under a collision-free condition.

The dissociation is a decay process specific on
molecules and important as the most fundamental chem-
ical reactions. Polyatomic molecules have a possibility to
dissociate into various species of fragments. The magnetic
field would change the branching of the species, because
the field effects the dissociation rates through the field-
induced coupling interaction [22]. In this way the magnetic
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Fig. 1. A schematic view of the experimental set-up.

field can switch the dissociation path, and thus can switch
the chemical reaction. In order to observe such interesting
effects, a species identification of the fragments is indis-
pensable not only to identify the dissociation path but also
to reduce the energy-overlaping of the exciting transitions.

It is summarized that the effects of the magnetic field
on the structure and the dynamics of the molecules are
of interest, but a lot of difficulties lie in a experimental
research. A newly developed experimental set-up for the
laser spectroscopy (double resonance technique) includ-
ing a superconducting magnet which generates a strong
field, a molecular beam source for a collision-free condi-
tion, and a mass spectrometer for the species identifica-
tion, has been designed and constructed. Its performance
has been demonstrated using the resonance enhanced mul-
tiphoton ionization (REMPI) process on NO molecules.

2 Instrument description

Figure 1 schematically shows the experimental set-up.
Magnetic field (0–10 T) was generated by a cryogen-
free solenoid-type superconducting magnet cooled by
4 K Gifford-McMahon refrigerator, which had a bore of
φ 100 mm diameter and 460 mm length (Japan Supercon-
ductor Technonogy Inc.). The direction of the magnetic
field was coaxial to the axis of the bore (“field axis”). The

strength of the field was maximum at 250 mm (“field cen-
ter”) from one of the edges of the bore along the field axis.
In a source chamber (250 mm × 180 mm × 210 mm) evac-
uated to 1×10−7 Torr, a nozzle with an orifice (φ 300 µm)
was equipped. The orifice was able to be closed by a piezo
element (PI,P-286.23) [23] which could operate without
being affected by the magnetic field. Typically, the orifice
opened during 180 µs with 10 Hz repetition for gaseous
molecules of 3 atm pressure and bunches of molecules were
spouted into the chamber through the orifice. A liquid
nitrogen trap was equipped for trapping extra molecules
effused in the chamber. The pressure in the source cham-
ber was kept ∼ 4 × 10−6 Torr during the operation.
The molecules were collimated by a conical skimmer (φ
700 µm) placed 20 mm downstream from the orifice. The
skimmer formed a molecular beam propagating coaxially
to the field axis. The molecular beam went into a detection
chamber which consisted of two tubes of different diame-
ter. A tube of outer diameter φ 82 mm and inner diameter
φ 68 mm (tube I), was mounted into the bore of the mag-
net. The pressure in tube I was 1×10−6 Torr in operation
which was almost same as background pressure.

Laser light was introduced into the detection chamber
through a quartz window attached to tube I and focused
to the field center by a f = 400 mm (focal length) quartz
lens. The distance between the field center and the skim-
mer was 334 mm. At the field center, the light crossed
the molecular beam at right angles. If necessary (double
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resonance excitation), another laser light propagating an-
tiparallel to the former laser light, was able to be intro-
duced to the field center through another window by the
same manner. The laser light excited the molecules in the
beam and sequentially parent or fragment ions were pro-
duced through their decay process. Three stainless plates
(45 mm×45 mm) with openings (φ 30 mm) in their center,
covered with high-transmission (>90% ) stainless mesh
grids, were placed 10 mm upstream (plate I), and 10 mm
(plate II), 20 mm (plate III) downstream from the field
center along the field axis, respectively. A cw or pulsed
high voltages up to 5 kV were supplied to plate I and
plate II, independently and plate III was connected to the
ground electric potential. Then, double electric field of dif-
ferent strength was generated.

Ions produced at the field center, were accelerated by
the electric field and went into another tube (tube II) of
inner diameter φ 160 mm and length 300 mm, which was
connected to tube I at 350 mm downstream from the field
center. The pressure in the tube II was 1×10−7 Torr in op-
eration, which was almost same as background pressure.
The direction of the extraction of the ions was set to be
coaxial to the field axis in order to avoid the ions to suffer
the Lorentz force. However, a part of the ions traveling off
the field axis would be diffused by the Lorentz force. Thus,
two sets of einzel lens were equipped to focus them onto
the field axis. Two sets of deflection plates were equipped
downstream from the einzel lens to bend ions by their elec-
tric field. The directions of their electric field were perpen-
dicular to the field axis and orthogonal each other. The
ions were finally detected by a microchannel plate (MCP
Hamamatsu F4655-11X) attached to a flange at the end
of tube II. The distance between the field center and the
MCP was 638 mm. The two step acceleration was used
to satisfy the Wiley and McLaren condition [24], modified
for ions having non-zero initial velocities originated from
the translational velocities in the molecular beam.

The electric pulses produced in the MCP following to
the incidence of ions, overlapped and made ion current.
The ion current was send to a pre-amplifier (Stanford Re-
search System SR445) and then sent to a digital oscillo-
scope (Tektronix TDS3012) where a time difference from
the photo-excitation to the ion detection, i.e. a time-of-
flight was measured. The output of the pre-amplifier was
also sent to a boxcar integrator (SR250). Its gate-time and
gate-width were adjusted by the ion current monitored by
the oscilloscope. The integrated voltage was recorded by
a personal computer.

3 Instrument performance

For demonstrating a performance, gaseous nitric oxide
(NO) molecules of 3 atm pressure was used. An ex-
cimer laser light (308 nm, 10 Hz repetition) pumped dye
(Coumarin 440) laser light and it was frequency-doubled
by a BBO crystal. The UV light (226 nm, band width
0.18 cm−1, ∼0.1 mJ/pulse) linearly polarized perpendic-
ular to the magnetic field was introduced into the field
center by the manner described in the previous section. A

Fig. 2. (a) A typical example of the detected ion current at
B = 0 T as a function of the time-of-flight T since the photo-
excitation (abscissa). The ordinate represents current calcu-
lated from the voltage measured by the digital oscilloscope
and the gain of both the pre-amplifier and the MCP. The ion
current is averaged over 256 scans (laser shots). The transition
line excited is marked by an asterisk in Figure 4a. (b) An ex-
panded view of (a) around the peak originated from the NO+

ions. (c) Similar at B = 5 T. (d) Similar at B = 10 T.

small portion of the laser light was divided and introduced
to a photo-diode detector for monitoring its power.

In a zero magnetic field, the frequency of the laser
light was adjusted so that the light excited the NO
molecules from the M -degenerated X2Π1/2(v′′ = 0, J ′′ =
0.5, M∓1) rotational level to the M -degenerated interme-
diate A2Σ+F1(v = 0, J = 1.5, M) level (∆M = ±1 tran-
sition) and further ionized to the NO+ X1Σ+ + e− state
through the REMPI process [25], where v(v′′) denoted the
vibrational quantum number, J(J ′′) the quantum num-
ber associated with the total angular momentum of the
NO molecules, M with its projection on the magnetic
field direction, respectively. Since this transition had been
observed and analyzed in detail in the previous experi-
ment [26], this transition was ideal for demonstrating a
performance. A cw voltage of 1.16 kV was supplied to
plate I and 0.69 kV to plate II. A typical example of the
detected ion current averaged over 256 scans (laser shots),
is shown in Figure 2a as a function of the time-of-flight T
from the excitation (abscissa). The ordinate represented
current calculated from the voltage measured by the digi-
tal oscilloscope and the gain of both the pre-amplifier and
the MCP. Only a single peak corresponding to the NO+
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Fig. 3. Variation of the width of the peak Γ originated from
the NO+ ions in the ion current, on the magnetic field strength
B. The right ordinate represents the reciprocal of the corre-
sponding mass resolution, (m/∆m)−1 calculated by the rela-
tion m/∆m � T0/2Γ , where T0 is assumed to be constant of
9.060 µs.

ions was seen. The peak was fitted by a Gaussian function
and its full width at half maximum (line width) Γ was
determined to be 23 ns, and the center of the peak T0 to
be 9.060 µs. This procedure was repeated several times.
From the averaged values of the obtained Γ and T0, the
mass resolution m/∆m was estimated to be 199±7 by the
relation m/∆m � T0/2Γ . The uncertainty was estimated
from the standard deviation of the Γ and T0 measured for
several times.

Similar procedures were repeated as the magnetic field
strength was increased up to 10 T, as the frequency of the
laser light was adjusted so that it was resonant with the
transition line whose energy shifted in the field, and as the
power of the laser light was adjusted so that the peak was
observed with a sufficient S/N ratio. Since the Lorentz
force acted on the ions off the field axis was estimated
to increase as the field strength increased, it was worried
that the trajectory of the ions would be distorted and
as the result the width of the peak would increase and
the ion current would decrease to the degree that could
not be detected. Examples of the peaks in the field of
5 T and 10 T are shown in Figures 2c and 2d. Shapes of
the peaks were almost independent of the field strength
B. Since the center of the peak T0 moved around several
times of the line width Γ when the voltage supplied to the
einzel lens was adjusted, shifts of T0 in the different field
strength seen in Figures 2b–2d had no physical meaning.
Averaged values of the width Γ are shown in Figure 3. The
width increased slightly as B increased, but corresponding
mass resolution m/∆m was higher than 180 ± 6 in the
range of B = 0–10 T, which was sufficient for the species
identification. This was the first successful result which
demonstrated the sufficient mass resolution obtained by
the time-of-flight technique in the strong magnetic field
up to 10 T.

A gate-time and a gate-width of the boxcar integrator
were fixed to cover the peak originated from the NO+

ions in the ion current. In a zero field, the frequency
of the laser light ν was scanned in the region of the
X2Π1/2(v′′ = 0, J + 1, M ∓ 1) − A2F1Σ+(v = 0, J, M)
transition (P1-branch), and the integrated ion current

I0(ν, B) was recorded as a function of ν. Similar proce-
dures were repeated as the field strength was increased
up to 10 T. Figure 4a shows the observed ion current
I(ν, B) = I0(ν, B)/W (ν, B)2 normalized by the laser
power W (ν, B).

A population σJ′′M ′′ of the ground X2Π1/2(v′′ =
0, J ′′M ′′) sublevel obeyed the Boltzman distribution with
a parameter of the rotational temperature TR [27]. Energy
and a wavefunction of the ground X2Π1/2(v′′ = 0, J ′′, M ′′)
sublevel and the intermediate A2Σ+F1(v = 0, J, M) sub-
level were calculated by diagonalizing their Hamiltonian’s
including the Zeeman effect. Details of the calculation
were described in reference [26]. From the obtained wave-
functions an ionization probability P (ν, B) by the REMPI
process through the X2Π1/2(v′′ = 0, J + 1, M ∓ 1) −
A2Σ+F1(v = 0, J, M) transition was calculated, on the as-
sumption that the transition probability from the interme-
diate level to the ionic state was constant against the laser
frequency and the transition frequency broaden obeying
the Gaussian function of a line width ΓR. The observed
ion current I(ν, B) should equal to the calculated current
defined by the product, ICal(ν, B) = σJ′′M ′′P (ν, B)γ(B),
where γ(B) was an efficiency of the detection which was a
function of B due to a diffusion of the ions by the Lorenz
force. The current I(ν, B) was fitted to ICal(ν, B) with
unknown parameters of TR, ΓR and γ(B). In the fitting
procedure, TR and ΓR were also treated temporally as a
function of B, that made the number of unknown param-
eters to be 3 × 11. The obtained TR and ΓR had no field
dependence. Therefore the rotational temperature TR was
determined to be 27 ± 2 K and the line width ΓR to be
0.17 ± 0.02 cm−1 by their averaged values, respectively.
Their uncertainties were estimated from the standard de-
viation of their eleven values in different field strength.
The line width ΓR was in good agreement with the band
width of the laser light. The efficiency γ(B) is shown in
Figure 5. Its uncertainty was estimated from the devia-
tion between I(ν, B) and ICal(ν, B) for each strength B.
The resultant calculated product σJ′′M ′′P (ν, B) is shown
in Figure 4b with the transition frequency resonated with
the X2Π − A2Σ+ transition (dashed line). In the calcu-
lation, rotational levels of J = 0.5 − 4.5 of the A2Σ+

state were included. Figure 4c shows the assignment of the
X2Π1/2(v′′ = 0, J ′′ = 5.5, M ′′ = M ∓ 1) − A2Σ+F1(v =
0, J = 4.5, M) transition by the magnetic quantum num-
bers M , M ′′, for example.

From a comparison of Figures 4a with 4b, transition
lines were assigned as followings. In B = 0 T, the suc-
cession of the M -degenerated rotational X2Π1/2(v′′ =
0, J + 1, M ∓ 1) − A2Σ+F1(v = 0, J, M) transition lines
(P1-branch) was clearly observed, where the quantum
number J was shown in the figure [26,28]. As the field
strength B was increased, each line split into two com-
ponents. This splitting was due to the Zeeman splitting
of the intermediate A2Σ+F1(v = 0, J, M) sublevel into
two sublevels corresponding to ±1/2 components of the
electronic spin. For the larger field strength near 10 T,
the width of the each component became broader. This
broadening was due to the Zeeman splitting of the ground
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Fig. 4. (a) Observed integrated ion current I(ν,B) normalized by the laser power, due to the REMPI process through the
X2Π1/2(v = 0, J + 1, M ∓ 1) − A2Σ+F1(v = 0, J, M) transition. The abscissa is the frequency of the laser light. It is linearly
polarized perpendicular to the magnetic field. The quantum number J of the intermediate A2Σ+F1(v = 0, J, M) level is shown
below the transition line in a zero field. Notice that the current I(ν,B) is factored by the number written above its curve, so
that the relative strength of I(ν,B) seen in the figure is equivalent to that of the calculated product σJ′′M′′P (ν,B) shown in
Figure 4b. Notice also that the denominators of those numbers divided by 30.0 are equivalent to γ(B) shown in Figure 5. The
asterisks denote the transition lines excited in the measurement shown in Figure 2. (b) Calculated product σJ′′M′′P (ν,B) is
shown by the solid curve. The dashed curve represents the calculated frequency of the ∆M = ±1 transition. (c) The assignment
of the X2Π1/2(v

′′ = 0, J ′′ = 5.5, M ′′ = M ∓ 1) − A2Σ+F1(v = 0, J = 4.5, M) transition, energy of which is shown by the
dashed curve in (b). The open circle represents the ∆M = +1 transition and the closed one ∆M = −1 transition. The magnetic
quantum numbers M , M ′′ of the intermediate and the lower sublevels are shown. Among the 36 lines, 14 pairs of lines are
degenerated in energy.

Fig. 5. Variation of the
efficiency of the detec-
tion γ(B) on the mag-
netic field strength B,
which is normalized by
γ(B = 0) = 1.

X2Π1/2(v′′ = 0, J +1, M ∓1) sublevel [26]. It was also un-
derstood from these figures that since TR was reflected in
the relative strength between the transition lines in each
field strength B, while γ(B) was reflected in the relative

strength between the same transition line observed in the
different field strength B, the parameters TR and γ(B)
were able to be determined uniquely.

Below B = 4 T, the efficiency γ(B) decreased as the
field strength B increased, but above B = 4 T, γ(B)
was almost constant of 4%. Figures 2c, 2d and Figure 4a
showed that the efficiency of 4% was sufficient enough
to measure the laser-frequency dependence of the ioniza-
tion probability though the REMPI process with a suffi-
cient S/N ratio. Figures 3 and 5 showed that the present
arrangement of a superconducting magnet, a molecular
beam source, einzel lenses, and the time-of-flight tech-
nique, would be valid for obtaining both the sufficient
mass resolution and the sufficient ion current for the
stronger field above 10 T.

Experimental set-up for studying the effects of the
strong magnetic field on the structure and the decay
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dynamics of molecules, was designed and constructed. Its
performance was demonstrated using the REMPI process
of NO molecules. The mass resolution m/∆m ≥ 180 ± 6
and the sufficient ion current were obtained in the field
up to 10 T. This was the first successful result which
demonstrating the sufficient mass resolution obtained by
the time-of-flight technique in the strong magnetic field
up to 10 T.
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