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State selection of molecular oxygen �3�g
−� by a hexapole magnet and the inversion of population for the O2

spin-rotational states by a two-coil spin flipper are reported. The Stern-Gerlach magnetic deflection spectra of
a supersonic O2 beam which is passed through the hexapole magnet show peaks associated with the O2

spin-rotational states with the magnetic quantum number MJ�0. Peaks corresponding to the states with MJ

�0 appear when the beam is passed through an opposing magnetic field formed in the two-coil spin flipper.
The present results indicate that a hexapole magnet can select the spin-rotational states of O2 and the polarity
of MJ can be reversed by the diabatic passage through an opposing magnetic field.
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I. INTRODUCTION

Preparation of a spin-polarized neutral particle beam us-
ing a hexapole magnet has been reported for atomic species
such as hydrogen �1�, alkali atoms �2,3�, and metastable rare
gas atoms �4–7� for their applications in atomic, nuclear and
surface physics. The same technique could also be used for
the state selection of more complex and chemically interest-
ing species to investigate the spin effect in chemical reac-
tions. The application of this technique to molecular species
is, however, very limited and the only experiment which we
are aware of is that conducted for a NO molecular beam by
Anderson et al. �8� In the present study, we have made an
attempt to use a hexapole magnet for the state selection of
the ground state triplet O2 �3�g

−� molecule, which would be
one of the most important chemical species in every field of
natural science. In spite of the numerous studies conducted
for various oxidation processes, little is known about the
effect of O2 spin. Spin effects of O2 have attracted much
attention recently since it was proposed by a theoretical cal-
culation that the spin selection rule plays an important role in
the oxidation of Al�111� surface �9�. No experimental evi-
dences, however, have been reported that directly show the
spin effect. A state-selected O2 beam would be useful to
study spin-dependent processes in various oxidation reac-
tions.

So far, magnetic deflection of O2 has been investigated by
a couple of groups �10–13�. Because O2 is a diatomic mol-
ecule, the spin magnetic moment derived from the two un-
paired electrons couples with the angular momentum due to
the nuclear rotation, giving rise to complex Zeeman split-
tings. To avoid the complex splittings due to the rotational
motion, most of the magnetic deflection experiments have
been conducted for an O2 beam cooled by supersonic expan-
sion �10–13�. Kuebler et al. �10� have shown that the Stern-
Gerlach �SG� spectra for an unpolarized O2 beam can be well
explained by the Zeeman splittings calculated for the spin-
rotational states of O2. Aquilanti et al. �11,12� have reported
the rotational alignment effect of the O2 molecule by a su-
personic expansion of the oxygen gas seeded with other
gases. Fujisawa et al. �13� have reported the enhancement of
the O2 sheet beam intensity by using an inhomogeneous

magnetic field. No attempts, however, have been made to
produce a state-selected O2 beam by using a hexapole mag-
net and conduct a beam polarization analysis.

The inversion of population for the spin states, which we
will discuss for the molecular oxygen, has often been con-
ducted to detect the difference between parallel and antipar-
allel spin configurations of a beam and a target. It is of great
advantage experimentally if the beam polarization can be
changed with a high repetition rate keeping the target polar-
ization fixed. The spin flippers have been used for experi-
ments with polarized particle beams for such purposes. The
two-coil spin flipper �3–6,14–16� has been used for simple
systems such as metastable hydrogen �14�, neutron �15�, al-
kali atoms �3�, and metastable helium �He*� �4–6�, but there
has been no attempt to use it for flipping the magnetic quan-
tum number �MJ� of a complex molecule.

In the present paper, we report the state selection of the
ground state O2 molecule by a hexapole magnet and the
population inversion of the O2 spin-rotational states by the
two-coil spin flipper. It is shown that the SG spectra exhibit
fine structures corresponding to the spin-rotational levels,
and the spectra are changed substantially when the mode of
the spin flipper is altered. This behavior can be associated
with the polarity change of MJ. The present results indicate
that we can select the spin-rotational states of O2 by a hexa-
pole magnet and reverse the polarity of MJ using a two-coil
flipper.

II. EXPERIMENT

A. Beamline

Figure 1 shows the schematic diagram for the beamline.
The basic structure of the beamline is the same as that used
for our previous measurements for the spin-polarized meta-
stable atom deexcitation spectroscopy �5,6�. Before studying
the magnetic deflection of O2, we conducted the SG analysis
of a metastable helium �He*, 23S� beam using the same
beamline for calibration of the magnetic deflection experi-
ment. The He* atom was generated by continuous discharge
as has been described in previous papers �17,18�.

The O2 source is a pulsed valve �General Valve Corpora-
tion� operating with a nozzle diameter of 50 �m and at stag-
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nation pressures of 50–2000 Torr, but it was operated
mostly in a continuous mode. The hexapole magnet is
180 mm long, 90 mm in diameter, and has a bore of 10 mm
�5,6�. It is a Halbach type �20� and consists of Nd-Fe-B mag-
nets. A central stop located at the exit of the hexapole magnet
removes nonmagnetic species such as photons generated by
He* discharge and He* �21S�. The Stern-Gerlach magnet also
consists of permanent magnets. He* and O2 was detected
with a channeltron and a quadrupole mass spectrometer, re-
spectively. Both the channeltron and the mass spectrometer
are mounted on a stage, the position of which can be scanned
using a stepping motor.

B. Magnetic deflection in the hexapole magnet
and the SG magnet

The inhomogeneous magnetic field in the pole gap of a
hexapole magnet provide a force which is proportional to the
atoms’ radial distance r from the axis and directed towards
the axis if the effective magnetic moment ��ef f��0, away
from the axis if �ef f �0 �21�. The force F�r� can be ex-
pressed as follows if �ef f is field-independent �for the case of
O2, in which �ef f depends on the field, Eqs. �1� and �2�
should be used only for a qualitative discussion�:

F�r� = 2�ef f
B0

r0
2 r . �1�

Here, r0 is the bore radius and B0 is the magnetic field at r
=r0. This deflection force causes a harmonic oscillation of a
particle with �ef f �0 at the frequency w=�2��ef f�B0 / �mr0

2�,
where m is the mass of the particle. In the present case,
because the SG analyzer is largely separated from the hexa-
pole magnet, a particle beam which have a high intensity at
the entrance of the SG analyzer would be nearly parallel to
the beamline at the exit of the hexapole magnet. The condi-
tion for this is as follows:

l�B0

r0
2

�ef f

Ekin
+ tan−1�l0�B0

r0
2

�ef f

Ekin
� =

�

2
�2�

Here, Ekin, l, and l0 are the particle’s kinetic energy along the
beamline, the length of the hexapole magnet and the distance
from the nozzle to the hexapole entrance, respectively �see
Fig. 1�. It is noted that Eq. �2� depends only on the ratio
�ef f /Ekin.

The SG analysis has been made with a magnet having a
pair of concave and convex hemicylindrical pole pieces of
different radii. It is well known that the field in the gap of

this type of magnet is given by the two-wire model �21�. The
deflection �d� of a particle with �ef f and Ekin is given by

d =
�ef f��B�

Ekin
�1

2
l�l0� +

1

4
l0�

2� , �3�

where l0� and l� are the length of the SG magnet and the
distance from the exit of the SG magnet to the detector,
respectively �see Fig. 1�. Similar to the case of Eq. �2�, the
deflection is determined by the ratio �ef f /Ekin. In the case of
the SG experiment, the field seen by the particle would not
change largely during the passage in the SG magnet because
the deflection in the SG magnet is so small. Equation �3�
would therefore be applicable also to O2 although �ef f of O2
depends on the field. Here, the magnetic field averaged along
the flight path in the SG magnet was estimated to be 0.8 T
from the SG deflection of He* �23S�.

C. Spin flipper

A spin flipper that has been used for flipping the spin
polarization of the He* beam �4–6� was used for reversing
the polarity of MJ of O2. The schematic diagram of the flip-
per is shown in Fig. 2. The flipper consists of two coils
�C1,C2� that are placed in series and generate an opposing
magnetic field, a coil for generating a transverse field �C3�
and a permalloy shield �5�. When a particle passes through
the flipper, it feels a time-varying magnetic field. When C3 is
off �on�, the field direction seen by the particle changes sud-
denly �gradually� at the flipping point. Here, because the
field is very weak at the flipping point, the total angular
momentum J is a good quantum number during the passage
�3,16�. Since the field is time-varying, transitions among
magnetic sublevels can occur �16�. If the field changes
slowly compared to the Larmor precession frequency �L, the
initial state �J ,MJ	 defined with respect to the initial field
changes into the corresponding final state �J ,MJ	 in the final
field seen by the particle �16,22�. In this case, MJ does not
change �adiabatic case�. In contrast, if the field changes rap-
idly compared to �L, the initial state �J ,MJ	 defined with
respect to the initial field remains in the same state, which
can be described as a superposition of several states �J ,MJ�	
in the final field seen by the particle at a later time �16,22�. If
the field reverses, the initial state �J ,MJ	 is changed to �J ,
−MJ	 after the passage �diabatic case�.

To realize the diabatic passage, the sign of the field seen
by the beam has to be changed in a short time compared to
�L. The time for the field reversal is inversely proportional to
the particle velocity. In the present experiment, as will be
shown later, the velocity of He* and O2 are 
2700 m /s and
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FIG. 1. Schematic diagram for the experimental apparatus.
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FIG. 2. Schematic diagram for the two-coil spin flipper.
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750 m /s, respectively, while the value of �L would be
similar because they have similar �ef f values. For realizing
the diabatic passage for O2, therefore, the magnetic field di-
rection should change in a shorter distance at the flipping
point. In this sense, the condition for the opposing field nec-
essary for the diabatic passage is more stringent for O2. The
spin flipping efficiency of the O2 beam would therefore be
lower than the He* beam if the same flipper �opposing field�
is used. As will be shown later, however, the SG spectra for
the O2 beam exhibit a substantial change, indicating that the
diabatic passage is dominant also for the O2 case.

D. SG analysis of the He* beam

Figure 3 shows the SG spectra measured for the He*

beam. When the flipper is in the adiabatic mode �C3 is on�,
only one peak corresponding to MJ= +1��1s�↑�2s�↑� appears,
indicating that the beam coming out from the hexapole mag-
net is almost 100% spin polarized. For the case of the diaba-
tic passage �C3 is off�, the MJ= +1 peak disappears almost
completely, and a dominant peak due to MJ=−1 emerges,
indicating a high spin flipping efficiency. A small peak for
the MJ=0 component is due to the incomplete spin flip,
which may be caused by the nonzero radial field component
at the flipping point �3–6�.

We note the following as to the depolarizing �Majorana�
transitions �16� outside the spin flipper. If the magnetic field
changes within a short distance at some positions on the

beamline, the beam depolarization may occur. The depolar-
ization is caused by the diabatic process �16� discussed in
Sec. II C. The present He* SG analysis for the adiabatic case,
which shows the beam polarization of 
100%, indicates that
no depolarizing transition occurs for He* after the He* beam
passes through the hexapole magnet. From this, we can de-
duce that no depolarizing transition would occur for the O2
beam. This is because, as has been discussed in Sec. II C, the
diabatic condition is more difficult to be realized for the O2
beam than the He* beam because the O2 molecules are
slower.

Figure 3�b� shows the time-resolved intensity monitored
at the MJ= +1 peak position when switching the flipper
mode. Here, t=0 corresponds to the time when the flipper
mode is changed to the adiabatic mode. Since the time delay
reflects the particle velocity, we can evaluate the He* veloc-
ity from the position of the onset. Figure 3�c� shows the
derivative of the He* intensity. From the position and width
of the peak in the derivative spectrum, we can evaluate the
He* velocity to be 2710	150 m /s. We note that the He*

atoms generated by the discharge source has a broad Max-
wellian velocity distribution. The narrow peak width ob-
served here, which corresponds to the energy spread of
0.036 eV, reflects the transmission characteristics of the
hexapole magnet and defining apertures.

III. RESULTS

Figure 4 shows the SG spectra for the O2 molecular beam
measured at various stagnation pressures �PS�. The SG spec-
tra show the following features. First, the spectra show a
substantial change when the mode of the spin flipper is
changed. Especially in the spectra taken at PS=1900 Torr,
the main peak at d
 +1.3 mm in the adiabatic mode be-
comes almost quenched when the flipper mode is changed to
the diabatic mode. This demonstrates that the diabatic pas-
sage becomes dominant in the present flipper also for the O2
case. Second, the spectra depend on PS. This PS dependence
would reflect the rotational temperature �Trot� dependence of
the O2 molecule. Since it has been reported that Trot
=4–6 K at PS=460 Torr for a 50 �m nozzle beam �19�, the
lowest rotational states should be dominant at PS
�1000 Torr. Third, the SG spectra show peaks at positions
similar to the SG spectra of He*, but several peaks �A–F�
are clearly seen. The position and intensity of these peaks
depend on PS.

Figures 5�a� and 5�b� show the time of flight �TOF� spec-
tra taken at different SG deflection peak positions. The onset
positions in Fig. 5�a� reflect the velocity of O2 molecules that
contribute to the SG peaks indicated. The TOF peak position
can be seen more clearly in the derivative spectra shown in
Fig. 5�b�. These spectra show peaks at 2.0–2.4 ms, which
correspond to the O2 velocity of 800–670 m /s. This velocity
range is consistent with the velocity reported for the O2 beam
generated by a supersonic expansion of a room temperature
O2 gas. �10,13� Note that the position of the TOF peaks �D�,
E�, A�, and A�� differs depending on the SG deflection peak
positions. The velocities of the species associated with D�
and E� are 800 m /s and 670 m /s, respectively. There are
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FIG. 3. �a� The Stern-Gerlach spectrum for He* �23S� atoms
measured for the adiabatic �solid line� and diabatic �dashed line�
cases in the flipper. �b� The time resolved intensity measured at the
deflection of 1.2 mm, which corresponds to the peak position of
MJ= +1, when switching the flipper mode. t=0 corresponds to the
time when the flipper mode is changed to the adiabatic mode. The
onset corresponds to the flight time of He* from the flipper to the
SG detector �L=1.6 m�. The numerical derivative of the TOF spec-
tra �b� is shown in �c�.
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two components �A� and A�� for the SG peak A, and their
positions are close to peaks D� and E�, respectively. This
indicates that the species associated with A� and D� are iden-
tical before passing through the spin flipper, and the same is

true for A� and E�. The O2 species with different velocities
can contribute to the SG spectra if the ratio �ef f /Ekin satisfies
Eq. �3�. The species with lower �higher� velocity would cor-
respond to those with smaller �larger� �ef f.

IV. DISCUSSIONS

The origin of the SG peaks is discussed below on the
basis of Zeeman energies of O2. Because Trot would be
�4 K at PS�1000 Torr as has been noted before, most of
the molecules would be in the lowest rotational states. Be-
cause the rotational levels with K=0,2 ,4 , . . . are not allowed
in 16O2 as a consequence of the nuclear statistics, the lowest
rotational level is K=1 in 16O2 �10�. The rotational angular
momentum K in O2 is added vectorically to the spin angular
momentum S=1 to generate the angular momentum vector
J=K+S, which equals 0, 1, and 2 when K=1. It has been
expected that there is a thermal equilibrium among the three
J levels of K=1 in the molecular beam �10�. Each J compo-
nent has 2J+1 sublevels, each with a characteristic Zeeman
energy in a magnetic field.

Figure 6 illustrates the magnetic field dependence of the
effective magnetic moments, which have been calculated as
�ef f =−dE /dH by Aquilanti et al. �11�, for the J=0,1 ,2 lev-
els derived from K=1. The curves are shown only for those
levels which may contribute to the present SG spectra. For
discussing the peak positions of the SG spectra, we should
use the �ef f values at 0.8 T, which is the field seen by the O2
molecules in the SG magnet as noted in Sec. II D.

We note the following as to the effective magnetic mo-
ment in the hexapole magnet. If the particle has a field-
independent effective magnetic moment, the hexapole mag-
net transmits those species for which the ratio �ef f /Ekin
satisfies Eq. �2�. Following Eq. �3�, all of the species with the
�ef f /Ekin value resulting from Eq. �2� should give rise to the
same SG deflection. However, the present SG spectra exhibit
multiple peak structures. There are two reasons for this. One
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FIG. 4. The Stern-Gerlach spectra measured for the O2 molecu-
lar beam at the stagnation pressures �PS� shown.

0 1 2 3 4

peak A

peak E

peak D

0 1 2 3 4

peak A

peak D

peak E

D’

A’’A’

E’

Time of flight (mS)

d
I/
d
t
(a

rb
.
u
n
it
s
)

I
(M

=
+

1
)

(a
rb

.
u
n
it
s
)

J

(a) (b)

FIG. 5. �a� The TOF spectra measured for the O2 beam with
PS=1140 Torr at the SG peak positions indicated in Fig. 4. Corre-
sponding derivative spectra are shown in �b�.

0 1 2 3 4 5 6
-2

-1

0

1

2

-1

0

1

Magnetic field (T)

MS

(2,2)

(1,1)
(1,0)

(2,1)

(1,-1)

(2,-1)
(2,-2)

�
e

ff
(B

o
h
r

m
a
g
n
e
to

n
s
)

FIG. 6. An illustration of the magnetic field dependence of the
effective magnetic moment for the O2 spin-rotational states calcu-
lated by Aquilanti et al. �11�. The J and MJ values indicated are for
those for corresponding levels. The curves are shown only for those
levels which can contribute to the present SG spectra. The states
responsible for the SG spectra of the adiabatic �diabatic� case are
shown with solid �broken� lines. The �1,0� state would contribute to
both cases as noted in the text.
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is that the �ef f values depend on the field and the �ef f values
in the hexapole magnet are different from those in the SG
magnet. The magnetic field in the hexapole magnet is
0–1.7 T depending on the radial distance from the axis. The
other reason is that, as will be discussed in Sec. IV B, the
magnitude of �ef f is altered when the polarity of MJ is
changed by the flipper.

A. Adiabatic mode

To discuss the SG peaks observed for the adiabatic mode,
we should consider those states with �ef f �0 because the
species with �ef f �0 are defocused by the hexapole magnet.
Thus, the four states �2,2�, �1,1�, �1,0�, and �2,1� can contrib-
ute to the SG spectra for the adiabatic mode. The �ef f values
obtained graphically from those calculated by Aquilanti et al.
�11� are listed in Table I. Our TOF spectra �Fig. 5�b�� taken
at peak A, the main peak for the adiabatic case, have two
velocity components. If we assign A� and A� to the �2,2� and
�1,1� levels, respectively, the SG deflection is calculated with
Eq. �3� to be 
1.6 mm, which is close to the position of peak
A.

The SG spectra show a shoulder �peak B�. Since the TOF
analysis for peak B was difficult to conduct, the velocity of
the corresponding species is unknown. Since ��ef f� for �1,0�
and �2,1� states is less than that for �1,1� over all field ranges
as shown in Fig. 6, the velocity of these species would be
less than 670 m /s, and the deflections are roughly estimated
�see Table I�.

B. Diabatic mode

The polarity of MJ is expected to flip by the diabatic
passage through an opposing field as has been discussed in
Sec. II C. Therefore, the polarity of MJ for the four O2 spe-
cies which pass through the hexapole magnet would flip as
shown in Table II. Here, the velocity of the species does not

change before and after passing the flipper. The SG deflec-
tions calculated using the �ef f values obtained from Ref. �11�
are also listed in Table II. The deflection calculated for
�2,−2� agree well with the position of peak D. It is interest-
ing that the magnitude of �ef f for �1,1� decreases to 0.6�B
after the transition to �1,−1�. The corresponding deflection is
expected to become smaller as shown in Table II. This de-
flection agrees well with that for peak E. As to the �1,0�
states, because MJ=0, the peak should remain unchanged
when switching the mode of the flipper. Actually, a peak
remains at d
0.8 mm �peak F�, which can be attributed to
the �1,0� state. This is also consistent with the presence of the
shoulder �peak B� for the adiabatic case. The magnitude of
�ef f for the �2,1� state increases after the transition to �2,−1�.
The �2,−1� state would contribute to peak D. The intensity
of the �2,−1� state, as can be expected from the intensity of
peak B, is so small that the TOF spectra taken at peak D
would not show the structure corresponding to the �2,−1�
state.

The SG spectra for the He* beam �Fig. 3�a�� show a peak
caused by the incomplete spin flip �MJ=0�. This incomplete
spin flip is because a perfectly diabatic passage is not real-
ized mainly due to the nonzero radial component of the mag-
netic field as mentioned in Sec. II D. This nonzero radial
component causes a transition to M→M 	1 �3�. As noted in
Sec. II D, the flipping efficiency would be lower for O2.
Transitions like �2,2�→ �2,1�, �1,1�→ �1,0� are therefore
possible to occur. The corresponding peaks are however not
visible because they overlap with a peak at around d

0.8 mm �peak F�.

C. Stagnation pressure dependence of the SG spectra

The SG spectra depend considerably on PS as shown in
Fig. 5. The major change with the decrease in PS is that the
relative intensity of peak E decreases and that of peak F
increases. This would be caused by the increase of Trot with
the decrease in PS. The levels that are derived from K�1
should be considered for discussing the PS dependence of the
SG spectra.

The change in the SG spectra with PS may be associated
with the difference between the J=1 and J=3 levels, which
are derived from K=1 and K=3, respectively. There are three
magnetic sublevels for J=1. At the Paschen-Back �high field�
limit, two of the three sublevels ��1,1� and �1,0�� are bundled
into MS= +1, and therefore �ef f increases and approaches to
2 �B with increasing H �see Fig. 6� �10,11�. However, be-
cause the �1,−1� state converges to MS=0 at high fields
�10,11�, ��ef f� for the �1,−1� state decreases with H. This
causes the difference in ��ef f� between �1,1� and �1,−1�. Be-
cause of the smaller ��ef f� for �1,−1� than �1,1�, a SG peak
with a smaller deflection �peak E� appears. As to the J=3
levels, there are seven magnetic sublevels. At the high field
limit, only �3,−3� converges to MS=0 level, and the other
six levels are bundled into MS= +1 �10�. Therefore, the fol-
lowing situation is expected. When changing the flipper
mode to the diabatic mode, the �3,3� state would be changed
into the �3,−3� state, possibly giving rise to a SG deflection
peak such as peak E. However, even if the �3,2�, �3,1�, �3,0�,

TABLE I. The Stern-Gerlach deflection for the adiabatic mode.
The deflection for each levels has been estimated using the mea-
sured O2 velocities and the �ef f values obtained from Ref. �11�.

�J, MJ� �ef f ��B� vO2
�m/s� deflection �mm� assignment

�2,2� −1.9 800 1.6 A

�1,1� −1.3 670 1.6 A

�1,0� −0.8 �670 �1.0 B�F�
�2,1� −0.6 �670 �0.7 B

TABLE II. The Stern-Gerlach deflection for the diabatic
mode.

�J, MJ� �ef f ��B� vO2
�m/s� deflection �mm� assignment

�2,−2� +1.9 800 −1.6 D

�1,−1� +0.6 670 −0.7 E

�1,0� −0.8 �670 �1.0 F�B�
�2,−1� +1.3 �670 �−1.6 D
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�3,−1�, and �3,−2� states, which can pass through the hexa-
pole magnet, changes MJ values, the polarity of �ef f does not
change and the SG peak does not shift to negative deflection
side. Thus we can expect that, when the flipper mode is
changed, the �3,−2�, �3,−1�, �3,0�, �3,1�, and �3,2� states
give rise to peaks at the positive deflection side and only the
�3,−3� state would result in a peak at the negative deflection
side. This is consistent with the observation that the relative
intensity of the peak on the positive deflection side becomes
high and the peak at d
−0.7 mm decays with the decrease
of PS.

D. The origin of peak C

The origin of peak C is not clear at present. Peak C exists
even at high PS, and its intensity relative to peak A does not
change largely with PS. We have also confirmed that this
peak is not derived from the background O2 gas because the
peak disappears if the beam is cut by locating a small plate in
the beamline. The velocity of the corresponding species was
measured by pulsing the valve and found to be about
630 m /s.

One of the possible origin is the effect of the avoided
crossings. The levels derived from the K=3 manifold show
some avoided crossings at low field region �10,23�. The en-
ergy vs H curve changes the polarity of the slope before and
after the crossings, causing the polarity change in �ef f

�10,23�. As noted above, the magnetic field seen by the O2
molecule in the hexapole magnet, which is 0–1.7 T depend-
ing on the radial distance from the axis, is different from that
in the SG magnet. It is therefore possible that the species,
although they have negative �ef f in the hexapole magnet,
have positive �ef f in the SG magnet, causing an SG peak in
the negative deflection side. However, the contribution of
K=3 derived levels should depend on Trot while the relative
intensity of peak C is insensitive to PS. For further discus-
sions, a series of SG analysis for the O2 beam with different
velocities will be helpful.

V. CONCLUSIONS

Based on the Stern-Gerlach analysis of a supersonic O2
beam, we have shown that a hexapole magnet can select the
O2 spin-rotational states and the polarity of MJ can be
flipped by the diabatic passage through an opposing field.
Considering the fact that each O2 species has different �ef f
and the hexapole magnet transmits species with a given
�ef f /Ekin value, we will be able to select each O2 species
more precisely by tuning the O2 velocity and improving the
Mach number of the supersonic beam.
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