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Introduction 

Efficiency of an ion source is a crucial point in nuclear 
spectroscopy of short-lived radioactive isotopes using 
ISOL facilities (isotope separation on-line) [24]. This 
particular feature of the ion source determines scientific 
usefulness of a mass separator for the study of isotopes 
far from stability line. Despite the many years of devel-
opment [5, 16], ion sources of different types suitable 
for such purposes are still designed and optimized 
[3, 6, 10, 14, 18, 22, 23]. Ionization and effusion pro-
cesses that occur in ion sources dedicated for ISOL 
purposes are studied both theoretically [12, 13, 15] and 
by means of numerical simulations [19, 27–29]. 

The most important features of ion sources are: 
short delay time (especially important in the case 
of short-lived radioactive species), high efficiency of the 
ionization and extraction of ions from the ion source, 
high working temperature needed to achieve a short 
release time and to prevent the condensation of ele-
ments with low vapor pressure [21]. These requirements 
are relatively well fulfilled by the EBGP (electron beam 
generated plasma) ion source [20]. Ion source of that 
type has been recently studied and optimized [7, 17] for 
the needs of SPIRAL-2 and EURISOL facilities. 

In this article we present the construction of such a 
type of the ion source, which is dedicated to the YAS-
NAPP – the ISOL facility at the Laboratory of Nuclear 
Problems, JINR (Dubna, Russia) [4, 11]. 
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The ion source provides beams of many hard-to-
-ionize, refractory elements including Be, Ti, V, Zr, 
Nb, Mo, Ta, Ru, Rh, Rd, Hf, Ta, W, Re, Os, Ir, Pt and 
others. 

In this work a brief description of the ion source 
construction and its principle of operation as well as a 
review of its characteristics are given. Estimations of 
values of some operational parameters (critical values 
of these parameters) that lead to the existence of poten-
tial trap inside the ionization chamber are also shown. 
Calculations of the output efficiencies of radionuclides 
in the on-line working mode of the source are presented 
and discussed. 

Design of the ion source and its principle of operation 

The construction of the ion source is schematically 
shown in Fig. 1. The discharge chamber, having the in-
ner diameter of 10 mm and the length of 8 mm, is made 
of tungsten (any refractory metal that is relatively easy 
for machining could also be used). This part is main-
tained at the anode potential. During the operation 
of the ion source in the on-line mode, the discharge 
chamber walls may play the role of a target irradiated 
by high-energy proton beams in order to produce ra-
dioactive nuclides to be studied. Inside the discharge 
chamber there is a cathode, which is indirectly heated 
by accelerated electrons emitted by the filament. The 
cathode temperature is about 2800 K in order to pro-
vide sufficient electron emission. The electrons emitted 
by the cathode pass through the anode grid and get into 
the ionization volume, where they can hit and ionize 
neutral atoms. The presence of electrons generates the 
negative space charge inside the ionization chamber. 
Some of these electrons may oscillate in this volume. 
As a result, a potential trap for positive ions is created. 
The anode grid at the potential varying in the range 
20–200 V is located approximately 0.25 mm away from 
the cathode. Under certain conditions, the negative 
space charge in the ionization chamber is larger than 
the positive space charge of ions created during ioniza-
tion of neutral atoms. Hence, it is possible to maintain 
relatively high ionization efficiency of the ion source. 

In order to initiate the discharge inside the ionization 
volume a buffer gas is introduced into the discharge 
chamber. As a rule, a noble gas like Ar, Kr is chosen 
as a carrier gas. 

Let us assume that the described ion source works 
in the on-line mode (ISOL). In such a case the neu-
tral atoms introduced into the discharge chamber 
are products of the nuclear reactions between high-
-energy protons and irradiated target atoms. 

Theoretical estimations and experimental results 
show that in such a case the values of parameters of 
the ion source are the following: electron beam current 
density from cathode je = 0.3–0.7 A/cm2, electron density 
ne = 3–7 × 1016 m–3, electron current Ie = 0.5–1.2 A, elec-
tron energy (discharge voltage) Vd = 60–100 V, neutral 
particles density n0 < –1017 m–3 (p = 10–5 Torr), density of 
the extracted ion current (Ar) j0

i ≈ 14 A·m–2, the maximum 
permissible ion current (Ar) extracted from the ion source 
(extraction opening diameter 1.5 mm) I0

i ≈ 10–5 A. 
For the above-mentioned conditions, the maximum 

extracted ion current, in the case of argon as a buffer 
gas, was ~ 25 μA, assuming that the outlet diameter was 
1.5 mm (2 μA for the outlet diameter 0.4 mm). These 
values of ion current are appropriate for ISOL facili-
ties and allow good resolution of mass lines. The main 
advantage of the ion source is that the majority of ions 
formed in the ionization volume are extracted from the 
ion source because they are not lost at the walls, as they 
are trapped in the potential well. For example, in the 
case of ionization of microquantities of Kr introduced 
into the chamber, the total source efficiency was about 
20–30%. Extracted ions are also energetically separated 
because ions having energy much higher than the aver-
age are able to overcome the potential barrier and are 
lost at the chamber wall. This results in an “ion cooling” 
effect favourable for mass line resolution. The nuclide 
staying time in the source may be estimated from the 
calculation of ionization efficiency. For this purpose, it 
is convenient to introduce the atom ionization length li. 

(1)         li = eva / je σi 

where we assumed the following values of parameters: 
atom velocity νa = 7 × 102 m/s, ionization cross-section 
σi = 4 × 10–20 m2, and electron current density je = 
5.5 × 103 A/m2. Using the above formula, it is easy to 
show that for our source li = 0.5 m. Then, the ionization 
probability P at the mean free path l = 8 mm (dimension 
of the ion source discharge chamber) is: 

(2)  Pi = l / li = 1.6 × 10–2 

Assuming the ion trap is ideal, i.e. it holds all ions 
in the chamber, the mean staying time of nuclides in 
the ion source can be determined as: 

(3)  τ0
* = τa / Pi ≈ 60τa 

where τa is the atom sticking time on surface of the ion 
source walls. This means that the particle leaves the 
ion source as an ion after approximately 60 (1/Pi) colli-
sions with chamber walls. For example, for Hf isotopes 
this time is about one second. If the output rate of the 
nuclides from the ion source is estimated on the basis 

Fig. 1. Schematic drawing of the EBGP ion source: 1 – indi-
rectly heated cathode; 2 – cathode filament; 3 – anode grid; 
4 – anode; 5 – ionization volume; 6 – extraction opening; 
7 – extraction electrodes; 8 – insulators; 9 – electromagnet; 
10 – heat  shielding. 
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of current of their ions I t
i at total ionization and if this 

current is lower than the critical current for existence 
of the potential trap (I 0

i ≈ 10–5A), the ion source allows 
to obtain nuclides with the minimal half-life time (t1/2) 
expressed by the formula: 

(4) 

The nuclide current Ii = 10–13A (6 × 106 at/s) is usu-
ally large enough to collect spectroscopic data. Then, 
as follows from formula (4), the EBGP source allows 
to obtain nuclides with the half-life times 

(5) 

The critical value of the extracted ion current limits 
the total number of neutral atoms arriving in the ion 
source, including atoms evaporated from the source walls. 
This imposes some limitations on working temperature 
and choice of materials used for ion source parts, espe-
cially those the discharge chamber is made of. 

Choice of values of the ion source working 
parameters 

Working conditions of the ion source 

It was shown in [4] and confirmed by many experiments, 
for example described in [1], that in spite of high yield of 
nuclides in interaction between the high energy proton 
beam and the thick target it is possible to use thin targets 
as a structural part of the source in the on-line investiga-
tion of short-lived nuclei far from the β-stability line. 
As a rule, the effective thickness of the target, ensuring 
the supplying of short-lived nuclides into the volume 
of the ion source is much smaller than the thickness of 
the structural elements of the source [8]. 

The described ion source has to operate both in 
off-line and on-line regimes. In the first case, which 
is easier from the technical viewpoint, the irradiated 
target is at some distance from the ion source, a mass 
separator or the rest of spectroscopic equipment. Such 
a solution is adequate for nuclides with a relatively 
long half-life time (hours/tens of minutes rather than 
seconds). Nevertheless, the problems concerning the 
effective extraction of nuclides from the target and the 
fast transport of the sample into the ion source have to 
be overcame – some ways to do that are mentioned in 
Fig. 2. The very popular solution used in the case of the 
off-line nuclear spectroscopy was based on a chemical 

separation of produced nuclides following the solution 
of the target (“wet chemistry”). The separated products 
were placed on a metal (most often tungsten) foil by 
sedimentation. The sample was then transported to the 
spectroscopic setup. Another solution was applied in 
the case when a wide variety of nuclides that are hard to 
separate by chemical methods were produced during the 
bombardment (e.g. in the case of rare-earth nuclides). 
In such a case, an electromagnetic isotope separation 
is applied and the mass-separated beam of the desired 
nuclide irradiates e.g. tungsten foil, which is used as 
a sample for spectroscopic studies. The described ion 
source could be equipped with an evaporator, where 
samples could be placed via a gate-valve transfer system. 
Such a sample should not contain volatile components 
in order to keep the pressure in the source volume 
below its critical value (p = 5 × 10–6 – 1 × 10–5 Torr). 
The temperature of the evaporator varies in the range 
from 1500 K up to approximately 2600 K, which allows 
regulation of the evaporation rate of the sample. 

The on-line method characterized by placing the 
irradiated target inside the ion source (or making it 
even a structural part of the source) enables studies of 
short-lived isotopes. The nuclides that are produced 
during the target bombardment reach the ionization 
volume of the source due to the thermal diffusion. The 
targets, which are heated to high temperatures, e.g. by 
beams of electrons, are often made of refractory metals 
like tungsten or tantalum. Despite the fact that oxides 
and carbides are harder for machining, they are often 
used due to their porosity, leading to the faster thermal 
diffusion of impurities, which may be crucial in the case 
of short-lived isotopes. 

The main properties of the elements which are of 
interest for investigations with the discussed ion source 
are listed in Table 1. It presents values given in Refs. [8, 
26], namely the ionization potential Vi, work function 
ϕ, melting point Tm, temperature corresponding to the 
vapour pressure 10–6 Torr, and evaporation rate W at 
T = 2600 K. The table contains also calculated values 
of the evaporation heat qa at T = 2600 K, sticking time 
constants for the atom on the surface (Δ = –lgτa), evapo-
ration rate constants lgνa, where νa = Na/τa (assuming 
that Na is the surface density of atoms of the substance 
under investigation). The calculations were performed 
with the reference values [8] using the formulae given 
below: 

(6) 

Fig. 2. Working procedures of the ion source.
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(7)

(8)  Δ = lg νa – lg Na 

(9) lg τ (2600 K) = – Δ + qa (5040/2600) 

where ν1 and ν2 are the evaporation rate constants at 
temperatures T1 and T2, respectively. Using the values 
listed in Table 1 the evaporation rate of the investigated 
element at temperature T can be calculated as: 

(10)  lg ν = lg ν0 – q0 (5040 / T) 

One should have in mind that the values of heat and 
evaporation rates for refractory elements are practically 
unknown – hence, the calculated values of Na, νa and τa 
(or Δ) are only very rough estimations. However, Table 1 
lists the known experimental values for evaporation heat 
qa for W/W (W atoms evaporating from W surface) [9], 
Pt/W [30], Au/W [25], which shows that the agreement 
with theoretical estimations, at least for the purpose 
of the present work. Unfortunately, there is a lack of 
appropriate experimental data for oxides and carbides 
are missing in the literature. 

Critical values of the source working parameters 

Existence of the critical electron current density and 
atom concentration (saturated vapour pressure) as 
the conditions under which the potential trap for ions 
is formed in the ion source was already mentioned 
above. Application of the tungsten cathode and the 
chamber made of the same material results in a very 
good ionization efficiency of most elements listed in 
Table 1. In the on-line mode, the target may be made 
of the metal, isotopes of which are to be studied, or 
its oxides and carbides, or a metal with high atomic 
number. Thus, for example, during investigation of Hf 
and Ta it is convenient to use a tungsten target. For 
other elements, appropriate refractory metal targets 
should be chosen. The critical values of working pa-
rameters are determined by the electron emission ef-
ficiency and evaporation rates of the source and target 
walls. Estimations of the critical values at T = 2600 K 
for the ion source with a cathode and chamber made 
of tungsten yielded the following results: density of elec-
tron current emission je = 0.7 A/cm2, electron current 
Ie = 1.4 A, evaporation rate of tungsten cathode νW  = 

8.5 × 1013 cm–2.s–1, concentration of tungsten atoms 
nW = 2 × 109 cm–3, tungsten ion current from the source 
at total ionization I0 = 2.9 × 10–5 A, tungsten ion current 
from the source at real ionization IW = 1.35 × 10–6 A, 
source efficiency for tungsten βi ≈ 0.05. 

The current of tungsten ions produced by the 
ion source was calculated according to the formula 
presented in [20] 

(11)  Iw = χ Ie li κi (nw / n*) 

where χ is the mean number of electron oscillations in 
the source (χ = 1.4 at anode grid transparence 0.53), 
l = 8 mm (discharge chamber dimension), κi is the dif-
ferential ionization cross-section (κi ≈ 1.5 × 10–3 m–1), 
n* is the concentration of atoms at 273 K and p = 1 Torr 
(n* = 3.53 × 1022 m–3). 

From the data in Table 1, it is evident that the tem-
perature corresponding to the critical saturated vapour 
pressure (10–5 Torr) for Be, Zr, Hf, Os, Ir, Pt and Au 
is lower than 2600 K. This means that these elements 
cannot be used as targets for producing of their isotopes 
during interactions of high-energy protons and target 
atoms. Therefore, it is necessary to investigate the pos-
sibility of using oxides and carbides of these metals as 
targets. 

The use of tungsten as a cathode material gives the 
possibility to increase ion source temperature up to ap-
proximately 2800 K, which corresponds to the electron 
emission current density 3.5 A/cm2. An increase of the ion 
source temperature leads to the decrease of the sticking 
times of nuclides and enables obtaining more intense 
beams of short-lived nuclides. However, the rise of the 
ion source temperature results also in a higher vapour 
pressure in the chamber, due to the intense evaporation 
of the materials the ion source is made of. Thus, the 
temperature T = 2600 K seems to be the optimal choice. 
Hence, production efficiencies of isotopes having differ-
ent half-lives should be estimated for this T value. 

Efficiency of the radionuclide output from the ion 
source in the on-line mode 

During the on-line mode work of the ion source, when 
the discharge chamber is irradiated by swift protons, 
the output rate of the nuclides produced in the source 
is defined by many factors. These are: the particle gen-
eration rate in the irradiated target, the rate of nuclide 
appearance on the surface as a result of diffusion, their 

Table 1. Physico-chemical properties of some refractory elements (for T = 2600 K)

Be Zr Hf Ta W Re Os Ir Pt Au

Tm (K) 1550 2125 2495 3270 3680 3453 3273 2727 2042 1336
T (K) (p = 10–5 Torr) 1170 2110 2320 2670 2820 2640 2360 2070 1875 1260
ϕ (eV) 3.92 3.9 3.53 4.12 4.54 5.0 4.7 4.7 5.32 4.3
Vi (eV) 9.32 6.84 7.0 7.9 7.98 7.82 8.7 9.1 9.0 9.2
q0 (eV) 3.16 6.66 4.7 8.25 7.5 8.13 7.69 6.35 5.54 3.54
q0

ex (eV) – – 3.7 – 5.3–7 – – – 5.7 4.2
D (cm–2.s–1) ~ 10–14 ~ 10–16 ~ 10–11 ~ 10–15 ~ 10–13 ~ 10–15 ~ 10–16 ~ 10–15 ~ 10–14 ~ 10–14

W (g.cm–2.s–1) 1.6 5 × 10–6 6 × 10–6 5 × 10–8 9 × 10–9 2 × 10–7 4 × 10–6 2 × 10–4 2 × 10–3 2.2
lg ν0 (cm–2.s–1) 29.1 31.1 25.8 30.2 28.2 30.0 31.0 30.3 29.7 29.1
τ (s) 3 × 10–8 8 × 10–4 2 × 10–2 4.5 14.8 3.18 0.13 2 × 10–3 2 × 10–4 1 × 10–7

1
1

5040lg lga aq
T

ν = ν +
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desorption from the chamber/target surface, the loss 
caused by radioactive decay, ionization probability 
inside the discharge chamber, extraction efficiency as 
well as losses of nuclides during the transportation to 
the readout system. 

In order to estimate the efficiency of the discussed 
ion source one can use the results presented in [2], 
describing the case of a flat target placed into a hot 
cavity ion source. Taking into account some changes 
due to the fact that the considered target is a tube of 
thickness δ, the output rate of the ions of the nuclides 
under investigation may be described by the following 
equation: 

(12) 

where: e is the elementary charge; βi is the dimensionless 
ionization coefficient in the source, St is the target sur-
face area (m2), σ is the nuclide production cross-section 
(m2), ρ is the target density (m–3), G is the proton beam 
intensity (m–2·s–1), D is the diffusion coefficient (m2·s–1), 
λ = (0.693/t1/2) is the decay constant (s–1), δ is the target 
thickness (m), τ* is the mean staying time of the nuclide 
on the surface of the ionization chamber governed by 
the adsorption (evaporation) time at the total number 
η of nuclide-wall collisions (s). 

One can assume that η ≈ (1/Pi) + 1, where Pi ≈ l/li 
is the atom ionization probability during a flight across 
the ion source chamber. Our estimation (see Eq.(3)) is 
τ* ≈ 60τa = 60τ, where τ is the value from Table 1. The 
value βi ≈ 0.05 was estimated as the tungsten ioniza-
tion efficiency under the conditions described by the 
critical values of the source working parameters (see 
section ‘Working conditions of the ion source’). Thus, 
the expression for the radionuclide output rate has the 
form: 

(13) 

With increasing λ, the value of hyperbolic tangent 
tends to 1 and the nuclide output does not depend 
on the target thickness. In practice, the target thickness 
should be chosen to be comparable to the thickness of 
the “working layer” of the target, i.e. the layer from 
which the short-lived isotopes may reach the surface 
before their decay. Thus, the target thickness should 
satisfy the condition: 

(14) 

Using the above condition for a given δ, one can 
estimate the limiting values of λ or t1/2 of nuclides that 
may be efficiently produced and ionized in the described 
ion source. These critical values of λ and t1/2 as a func-
tion of δ are listed in Table 2 for the two values of th(α) 
(1 and 0.9). As follows from the table, for D = 
10–9 cm–2.s–1 and the target thickness of 1 mm, the nu-
clide output from the target will go on up to t1/2 = 17.5 h 
without loss and up to t1/2 = 9 d with 10% loss. 

Figure 3 shows the nuclide output rates for some 
high-melting elements (W, Ta and Ir) calculated us-
ing formula (12) at th(α) = 1. Calculations were done 
assuming: βi = 0.05, D = 10–9 m2.s–1, St = 2 cm2, G = 
32 μA/m2, δ = 1 mm. As one can see, the output rates 

diminish rapidly with decreasing nuclide half-life time, 
reaching values of ~10 ions per second for t1/2 of the 
order of 0.1 s. 

Conclusions 

The described electron beam generated plasma ion 
source is a promising tool enabling studies that require 
ions of refractory elements. 

The advantage of the described ion source, in com-
parison with other plasma ion sources, relies mainly on 
the formation of the potential trap inside the plasma 
volume. 

On the basis of the critical conditions for maintaining 
the potential trap and physical properties of tungsten 
as a material the cathode and chamber walls are made 
of, working temperature of the ion source is estimated 
to be in the range 2600–2800 K. This temperature level 
determines the efficiency of nuclide ions production of 
refractory elements. This efficiency mainly depends on 
their half-life times. 

The expected ionization efficiency of the refractory 
metals like Be, Ti, V, Zr, Nb, Mo, Tc, Ru, Rd, Hf, Ta, 
W, Re, Os, Ir, Pt is, according to our estimations, in the 
range 2–5%. Moreover, production of ions of isotopes 
with half-life times down to 1 min within a minute range 
is still quite feasible. 

Having in mind technical difficulties concerning 
the on-line working mode of the ion source, using thin 
targets made of oxides or carbides should be consid-

Table 2. Critical λ and t1/2 values in dependence on target 
thickness δ 

th(α) δ (mm) λ (s–1) t1/2 (s)

1

10 1.1 × 10–7 6.3 × 106 (7.3 d)
   1 1.1 × 10–5   6.3 × 104 (7.15 h)
   0.1 1.1 × 10–3    6.3 × 102 (10.5 m)
   0.01 1.1 × 10–1 6.3
   0.001 11.22 6.3 × 10–2

0.9

10 9 × 10–9   7.7 × 107 (2.48 y)
  1 9 × 10–7 7.7 × 105 (8.9 d)
  0.1 9 × 10–5 7.7 × 103 (2.1 h)
  0.01 9 × 10–2  7.7 × 101 (1.3 m)
  0.001 9 × 10–1 7.7 × 10–1

1/2 1/2( ) {( 2) ( ) }
1

i
i t

e
I S G D th D∗

β
= σρ λ δ λ

+ λτ

1/2 1/2( ) {( 2)( ) }
1 60

i
i t

e
I S G D th D

β
= σρ λ δ λ

+ τλ

1
2 D
δ λ

α ≡ ≥

Fig. 3. Nuclide output rates for some high-melting ele-
ments. 
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ered. In the off-line mode, it seems to be necessary to 
use samples containing non-volatile components of the 
elements to be ionized. 
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