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In this study, I synthesized a β-eucryptite-like Na+ -emitting material for various purposes and
analyzed quantitatively its emission characteristics. The results of a residual gas analysis showed
that the purity of the emitted Na+ ion was high and that the material had a very small amount of
outgassing in an ultra-high vacuum, even at high temperatures. The maximum ion-beam current
density was measured to be 18.2 A/m2 when the filament potential was 1500 V and the filament
temperature was 1270 K. The estimated ion-emitting energy was 3.36 eV, meaning that the Na+
ion could be easily emitted. The measured half-life times for filament temperatures of 1270 K and
1190 K were 334.7 min and 2067.6 min, respectively, meaning that this material has a very long
lifetime. I derived the ion-beam current density as a function of the filament temperature, filament
potential, and working time. I conclude that these results can be applied to various industrial and
research fields.
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I. INTRODUCTION

He+ ion is bigger than that of alkali atoms. If the detector of the LEISS system is of the time of flight (TOF)

Many kind of ion sources [1–4] are widely used for

type, it can detect neutral atoms as well as ions. How-

industrial and research purposes, such as surface modifi-

ever, if the detector is of the electrostatic analyzer (ESA)

cation, doping in semiconductor and particle accelerator.

type, it cannot detect neutral atoms. Thus, alkali ion is

However, most of ion sources have a complicated struc-

more effective than He+ ion in the ESA LEISS. Still,

ture; therefore, it is difficult to construct them. The

alkali elements are chemically active and, therefore, it is

complicated structures are due to the complicated ion
emitting (ionization) process. An ion emitter material of
simple ionization process will be helpful to construct a
simple ion source.
In the Low Energy Ion Scattering Spectroscopy
(LEISS) [5–7] study, the detector detects particles scattered from the target surface to investigate the structure of the solid surface. The incident ion of the LEISS
strongly affects the quality of the detected signals. Usually, He+ ion is used in the LEISS study. The ionization
energy of He0 is much bigger than that of alkali atoms
[8,9]. Therefore, the Auger neutralization probability of

difficult to make alkali ion sources.
Besides ESA LEISS study, alkali ions are widely used
in other applications. For example, alkali ions are used
for ion implantation [10,11], as well as in doping [12,13],
adsorption [14] and neutralization research [15–18].
Therefore, it is necessary to synthesize the alkali ion
emitting material which has a simple emitting process
and low neutralization probability for both the LEISS
study and other applications.
In this study, I synthesized the thermionic emission type Na+ ion emitting material based on the βeucryptite [19] and analysed its emission characteristics.
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very simple. Moreover, this synthesized Na+ ion emitting material shows high purity, no outgassing in ultrahigh vacuum, long half-life time, and high and long-time
stability of ion beam current.
Overall, this synthesized ion emitting material can be
used for doping study in semiconductors, ion implantation, and adsorption study as well as in the quality of
the ion source for the LEISS study.

II. EXPERIMENT
It is known that when β-eucryptite (Li2 O·Al2 O3
·2SiO2 ) is heated, Li atoms in this material acquire conductivity. This phenomenon is due to the dramatic thermal expansion coefficients of the bonding axis of this
material. The thermal expansion coefficients of the crystallographic directions of this material αa and αc are
8.21 × 10−6 /◦ C and -17.6 × 10−6 /◦ C, respectively [20].
Li+ ion can be emitted from crystal lattice due to this
net effect of the anisotropic expansion. If Li+ ion in βeucryptite is substituted by an element in group I, that
element also can be emitted from the crystal lattice, because that element has similar chemical properties as Li
atom.
Sodium is the element in Group I and Li atoms in the
β-eucryptite could be substituted by sodium atoms.
For the synthesis of the Na+ ion emitting material, I
mixed Na2 CO3 , Al2O3 and SiO2 powders uniformly with
the molar ratios of 1, 1, and 2. Furthermore, I made this
mixed powder into briquettes by compressing with the
pressure of 1 × 104 N/cm2 . Briquette was heated up to
2100 K using tungsten filament in the vacuum chamber
for several minutes. Usually, this process is performed in
the He atmosphere furnace. Even in He atmosphere, it
can be contaminated by a very small amount of oxygen,
nitrogen, or other gases. So, I used the vacuum chamber
to get the high purity ion source. This process is shown
in Eq. (1).
Na2 CO3 + Al2 O3 + 2SiO2
→ Na2 O · Al2O3 · 2SiO2 + CO2

(1)

To investigate the emission characteristics of
the β-eucryptite–like Na+ ion emitting material
(Na2 O·Al2O3 ·2SiO2 : thereafter referred to as Na+ ion

Fig. 1. RGA spectra. (1) Closed circles: before filament
heating; (2) Open circles: when filament heating. The
filament temperature is 1270 K and the filament potential is 100 volt.
emitting material or specimen), I grounded this material
into very fine powder to enlarge the surface area of the
material and painted it on the tungsten filament. The
dimension of the spiral tungsten filament was 0.7 mm in
diameter and 5 mm in length.
The tungsten filament painted with specimen was inserted in the vacuum chamber with the base pressure of
1.3 × 10−7 Pa. To measure the emission current, I placed
a copper plate in front of the filament. The distance between the filament and the plate was 5 mm. Most of
the emitted Na+ ions shall adsorb on the plate surface
and small number of Na+ ion shall be scattered from the
plate surface and diffused in to the vacuum. A residual
gas analyzer (RGA) placed near the filament was used to
measure the impurity elements emitted from the specimen, as well as the scattered Na+ ion and Na atoms.

III. RESULTS AND ANALYSIS
1. RGA results
Fig. 1 shows the RGA spectra. The closed circles denote the data points when the filament was not heated.
It shows a strong H2 peak and N2 peak. However, when
the filament was heated and positive potential with respect to the plate was applied to the filament, the RGA
spectra (open circles) show small increments of H2 , N2
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Fig. 2. The Na+ ion beam current versus filament temperature. The filament potential is fixed at 100 volt.

Fig. 3. The plot of ln(I/T 2 ) versus 1000/T when the
filament potential is fixed at 100 volt.

peaks, very small increments of O2 , CO2 peaks, and a

It is known that the emission current from hot cath-

new strong Na peak. Some of these increments may have

ode is given by following Richardson equation [21] (see

been induced by desorbing phenomena from surround-

Eq. (2)):

ings due to the thermal radiation from hot filament and

−E

J = AT 2 e kT ,

some of these increments directly from hot specimen.
However, the comparison of these two spectra results in
the high purity of the emitted Na+ ion. These spectra show that the Na+ ion emitted from specimen when
the positive potential was applied to the specimen and
heated. The RGA detect only the scattered Na+ ions

(2)

where A is a constant given by the physical or chemical
properties of the emitter, E is barrier height, and k is
the Boltzmann constant. Note, in the case of electron
emission, E is the work function of the emitter material.
Although Eq. (2) is derived to explain the electron emis-

and Na atoms. But some of scattered Na+ ions or Na

sion from the solid, it is still available to ions because

atoms can adsorb on the wall of the vacuum chamber

when they derived Eq. (2), they did not distinguish elec-

before they arrive at the RGA detector. The distance

tron from positive ion.

between the RGA head and the filament is ∼5 cm. If

Fig. 2 shows the Na ion beam current versus filament

the distance is shorter, the Na peak should be stronger

temperature. The filament potential is fixed at 100 volt.

because chemically active Na+ ions or Na atoms have a

To measure energy E, it is convenient to use the following

bigger probability to arrive to the RGA detector without

logarithmic plot (see Eq. (3)):
( )
E
J
= ln A −
ln
T2
kT

adsorbing on the wall of vacuum chamber.

2. Effect of filament temperature on the Na ion
emission current
It is well known that the resistance of material varies
with its temperature. I measured the filament temperature by measuring the resistance of the filament. I estimated the resistance of the filament by measuring the
filament current and the filament voltage.

Fig. 3 shows the plot ln

(

I
T2

)

(3)

versus 1000/T. The slope

of this plot is -E/(1000 k) and the energy E is determined
to be 3.36 ± 0.05 eV. W and LaB6 are used for a good
electron source. The work function of W is 4.5∼5.3 eV
[22, 23] and LaB6 is 2.4∼2.7 eV [24]. If I compare this
result of 3.36 eV with the work functions of W and LaB6 ,
I can conclude that this synthesized material is a good
Na+ ion source.
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3. Effect of filament potential on the Na+ ion
emission current

Than the Poisson’ s equation is given by the following
(see Eq. (7)):
1
∇2 V = B √
,
V (r)

The emission current density also depends on the filament potential with the respect to the plate. There
are two effects of the filament potential on the current
density. The one is the velocity of ion obtained by the acceleration due to the potential difference V (x) between
the filament and the plate, while the other is the field
effect.

The field effect will be explained later.

The

Child-Langmuir model [25–27] can explain the relation
between current density and applied potential. The authors show that the current density J is proportional to
the V 2/3 where V is the potential difference between the
cathode and the anode. The authors derived their equation using the parallel plate model (plane cathode and
plane anode). Therefore, their model cannot explain this
cylindrical system; furthermore, their model is valid only
for parallel plates system. To get the relation between
current density J and the filament potential V in this
system, we should solve the Poisson’ s equation in the
cylindrical coordinate. The Poisson’ s equation is given
by the following (see Eq. (4)):
∇2 V = −

ρ
ε0

(4)

The charge density ρ varies with r, where r is the distance from the emitter to observation point. To solve
this equation, one should express the charge density ρ
as a function of current density J. If one set ne to be
ρ, where n is the number of ions per unit volume and
e is the electron charge unit, the current density J is
−nev, where v is the velocity of the ion near the plate
and the negative sign means that the observation point
has a negative potential with respect to the ion emitter.
Then, ρ is given by −J/v. If one set ρ as +J/v, the V
in Eq. (4) should be replaced by −V .
The velocity of a single charged ion accelerated from
filament to anode by the potential difference V (v) is
given by Eq. (5).
√
v(r) =

2eV (r)
,
m

(5)

then space charge density ρ is as follows (see Eq. (6)):
√
m
ρ = −J
.
(6)
2eV (r)

1075

where B is

√

m
.
2eε20

(7)

The Poisson’ s equation in cylindrical

coordinate is as follows (see Eq. (8)):
)
(
J
1 ∂
∂
r V = B√
.
r ∂r
∂r
V (r)

(8)

One can set the potential as follows (see Eq. (9)):
V (r) = αrn + β.

(9)

Here, α and β are the constants and it is not necessary
for n to be integer number. If one set r0 to be the radius
of cylinder (filament), using the initial condition V (r0 )
= 0 volt, one can get β = −αr0n .
Substituting this V (r) in Eq. (8) yields the following
equation (see Eq. (10)):
(
r0 )−n/2
αn2 rn−2 = BJα−1/2 r−n/2 1 −
(10)
r
From Eq. (10), one can numerically determine α and
n. In most cases, the radius of the filament r0 is much
shorter than the distance between filament and plate and
one can ignore rr0 in Eq. (10). If one ignore rr0 , n is 4/3
(
)2/3
and α is 9BJ
. Substituting α and n in Eq. (9) yields
16
the potential (see Eq. (11)),
(
)2/3
9BJ
V (r) ≈
r4/3 .
(11)
16
If the distance between the filament and the plate is D
and the potential difference between the filament and the
anode is V0 , the relation between D and V0 is as follows
(see Eq. (12)):
)2/3
(
9BJ
D4/3 .
(12)
V0 ≈
16
Rearrangement of Eq. (12) yields the current density in
the cylindrical coordinate Jcy as follows (see Eq. (13)):
(
) ( )1/2
16ε0
2e
3/2
Jcy ≈
V0
(13)
9D2
m
If one solve the Poisson’ s equation in the spherical coordinate and in the rectangular coordinate, the current
densities Jsp and Jre are as follows (see Eqs. (14)-(15)):
(
) ( )1/2
28ϵ0
2e
3/2
Jsp =
V0 ,
(14)
9D2
m
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Fig. 4. Plots of Na+ ion current versus filament potential
when the filament temperatures are 1170 K (open circle)
and 1250 K (closed circle).
and
(
Jre =

4ϵ0
9D2

)(

2e
m

vacuum by the tunneling effect. This effect is called field

)1/2
3/2
V0 ,

(15)

3
ln V0 ,
2

emission [28].
In the case of the electron, the barrier height is called

respectively.
In most cases, the shape of the filament (cathode) and
the anode are not parallel plates, not concentric spheres
or concentric cylinders. Therefore, Eqs. (13) – (15)
should be modified according to the proper boundary
conditions. The equation of spherical coordinate Eq. (14)
may be useful for the pin point ion or electron emitting
source.
However, it is clear that the current densities are pro3/2
portional to V0 in any case.
Fig. 4 shows the plots of Na+ ion current versus filament potential when the filament temperatures are 1170
K and 1250 K. This figure does not show the detailed
exponent of V0 in Eq. (13). The logarithmic plots are
helpful to get the detailed exponent i.e. (see Eq. (16)).
ln J = ln η +

Fig. 5. Plots of ln(I) versus ln(V ). The graph shows
straight lines. The slopes of these lines are 1.51 at the
filament 1250 K and 1.45 at 1170 K, respectively.

work function and a simple calculation using uncertainty
principle shows that the electric field needed an electron
to emit from solid to vacuum is given by following equation (see Eq. (17)):
Fe =

√
2meφ3/2 ℏ,

(17)

where Fe is the electric filed, e is the electron charge
unit, φ is the barrier height (in the case of electron, it is
work function) in the unit of joule. If one applied this
equation to the electron, the electric field to emit the
electron is ∼109 v/m. In the case of ion, the mass of
ion is much heavier than electron and it needs a much
stronger electric field to emit ion from solid to vacuum.
Therefore, one may ignore the field emission effect on the

(16)

where lnη is a proportional constant that depends on the
shapes of the filament and the anode.
Fig. 5 shows the plots of ln(I) versus ln(V ). The graph
shows straight lines. The slopes of these lines are 1.51
at the filament 1250 K and 1.45 at 1170 K, respectively.
These values are in good agreement with Eq. (16).
If the strong electric field is applied to the filament,
the electrons or ions can be emitted from solid to the

ion beam current.
Finally, one can find the emission current as the function of filament temperature T and filament potential V .
The current density equation is given by Eq. (18).
J = CT 2 e−E/kT V 3/2 .

(18)

(
)
Of note, lnη in Eq. (16) is ln CT 2 e−E/kT and lnA in
(
)
Eq. (3) is ln CV 3/2 .

Synthesis of a Sodium-Ion-Emitting Material and Analysis of Its Na+ Emission Characteristics – Dae Sun Choi

Fig. 6. Normalized ion current versus time. The filament
potential is fixed at 1500 volt with respect plate.
4. Time dependence of the ion current density
and the life time of the ion emitting material

Fig. 7. The plot of ln

( )
I
I0
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versus time.

5. Half-life time
If one define the time constant as shown in Eq. (23).

The number of Na atoms in the specimen is finite.
When Na+ ions are emitted from the specimen, the total number of Na atoms decrease and this decrement results in reducing of emitting current density. If the total
number of Na+ ion in the specimen is n and dn
dt is the
number of ions emitted per unit time, dn
is
proportional
dt
to the total number n, i.e., as shown in Eq. (19),
dn
= −γn,
(19)
dt
where γ is decay constant and the negative sign means
the decrement of total number of n. The solution of this
differential equation is a follows (see Eq. (20)):
dn
= −γn0 e−γt ,
(20)
dt
where n0 is the initial total number of ions in the emitter. The current density J is proportional to dn
dt and
the decrement of n in the source material means the increment of emitted ion current. Therefore, the current
density J is given by Eq. (21).
n = n0 e−γt ,

J = Dγn0 e−γt ,

(21)

where D is constant. At t = 0, Dγn0 in Eq. (21) should
be equal to CT 2 e−E/kT V 3/2 that appeared in Eq. (18),
i.e., γ is proportional to T 2 e−E/kT V 3/2 . Therefore, the
time, temperature, and potential dependent emission
current density are given by Eq. (22).
J = CT 2 e−E/kT V 3/2 e−γt .

(22)

τ = 1/γ,

(23)

the half-life time th is given by Eq. (24).
th = τ ln 2 = ln 2/(ξT 2 e−E/kT V 3/2 ),

(24)

where ξ is a proportional constant determined by the
surface area of emitter and initial total number of ions
in the in the emitter.
Fig. 6 shows the normalized ion current versus time.
The filament potential is fixed at 1500 volt. When the
filament temperature is 1190 K (closed circles), it decays
very slow and decreases only by 5% during 250 minutes.
However, when the filament temperature
( )is 1270 K, it
decays fast. Fig. 7 shows the plot of ln II0 versus time.
The estimated half-life times for the filament temperatures 1270 K and 1190 K using the slopes of lines in
Fig. 7 are 334.7 min. and 2067.6 min, respectively. The
ratio th,1190K /th,1270K is 7.79.
Fig. 8 shows the calculated half-life time versus filament temperature. This figure shows that, when the filament temperature is low, the half-life time is very long.
The calculated th,1190K /th,1270K using this figure is 8.06.
Although there is a small difference between experimental results and the theoretically predicted value, these
experimental results are in a good agreement with the
theoretical value.
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gun and for the various applications such as ion implantation, doping study, adsorption study and so on. When
I painted it in the filament and heated the filament, the
RGA results show a strong Na peak and no other peak
except for a very small amount of increment of N2 , H2 ,
O2 and CO2 gases. The ion beam current density was
measured to be 18.2 A/m2 when filament potential was
1500 volt and filament temperature was maintained at
1270 K and 2.45 A/m2 when filament temperature was
1190 K. These current densities are high enough to use
this material in the LEISS study as well as in the other
applications. The estimated ion emitting energy was 3.36
eV, meaning that Na+ ion can be easily emitted. The ion
Fig. 8. Half-life time of Na+ ion emitting material
(Na2 O·Al2 O3 ·2SiO2 ). The filament potential is 1500
volt.
6. Maximum current density and stability of Na+
ion beam

beam current decreases rapidly when the filament temperature is increased, but it decreases only by 5% during
250 minutes when the filament temperature is 1170 K.
If one set the filament temperature to be lower, one can
get smaller decrement for longer working time. However, this specimen has a very long half-life time. The

When the filament current was 1270 K and the filament potential was 1500 volt, initial Na+ ion current
was 200 µA (current density: 18.2 A/m2 ) and when the
filament temperature was 1190 K and the filament potential was 1500 volt, the initial beam current was 27
µA (2.45 A/m2 ) and decreased by only 5% during 250
minutes. The fluctuations of the beam currents were below 0.5% at both of temperatures. Therefore, although
the ion beam current depends on the surface area of the

derived the ion current density function is very useful
to determine the ion beam current and life time of the
ion source material. Therefore, the synthesized Na+ ion
source has good outgassing characteristics, high purity,
high ion current density, low ion emitting energy, very
long half-life time, and good beam stability. Thus, I can
conclude that these results provide meaningful implications for further research on ion source used in various
fields, as well as will help construct a good Na+ ion gun.

emitter, I can conclude that these ion beam currents are
high enough to use in LEISS study and in the other ap-
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