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Abstract. The main properties of longitudinal and trans- 
verse electric field ionizers for fast Rydberg atoms n = 
2 1 -  40 have been investigated. The dispersion and 
the background due to collisional processes between fast 
atoms and residual gas molecules have been measured 
and calculated. The kinetic energy spread of ions formed 
by field ionization of Rydberg atoms and their trajectories 
have been calculated. The potassium beam energy was 
3.9 keV. 

PACS: 32.80.Rm, 32.80.Fb 

The method of collinear resonant laser photoionization of 
atoms in an accelerated beam can be applied to detect 
ultralow concentration densities (less than 10 -9) of rare 
isotopes amidst the abundant main isotopes of the same 
element [1,2]. The idea of this method consists in the 
isotope-selective stepwise excitation of the fast isotopic 
atoms of interest to a Rydberg state by means of laser 
radiation propagating collinear to the atomic beam. The 
atomic energy being of the order of 10 keV, the kinematic 
isotope shift is usually 10 to 100 times larger than the 
natural isotope shift in any atomic transition. The absorp- 
tion linewidth in this case can be reduced to the natural 
linewidth [3, 4]. Thus, this method is potentially capable 
of an extremely high selectivity in the laser excitation 
of rare isotopic atoms to a Rydberg state. The Rydberg 
atoms are ionized by the electric field of an ionizer and 
deflected onto the detector. The field ionization through a 
Rydberg state is more preferable because this makes it 
possible to reduce considerably the background due to the 
collisional ionization of fast atoms on the residual gas 
molecules. The field ionizer, in this case, should be con- 
structed so that the detector can receive ions only from a 
small region of the electric field where Rydberg atoms 
are ionized. The ions formed beyond this region should 
not reach the detector. It has been shown [2, 5] that the 
excitation of fast helium atoms to Rydberg states result- 
ing from their collisions with the residual gas molecules 
makes a considerable contribution to the background, 

too. Thus, the important characteristic property of the 
ionizer is the ability to separate the signal ions from the 
collisional background. This paper presents the results 
of our studies of two ionizers--with longitudinal and 
transverse directions of electric field relative to the atomic 
beam trajectory. 

The longitudinal and transverse ionization schemes 
have been used before to investigate the distribution of the 
Rydberg atoms formed in the process of charge exchange 
[6, 7] with respect to the principal quantum number. The 
ionization in the inhomogeneous-field stripper [8] was 
used to study the distribution of the atomic states, re- 
sulting from the charge exchange between the ions and 
highly-excited Na atoms [9]. The longitudinal [10, 11] 
and transverse [12-14] ionization schemes were applied 
to study Rydberg atoms excited by laser radiation as well 
as to measure the cross-sections of collisional excitation to 
Rydberg states of fast He [15] and H [16] atoms. 

1 Experimental Setup 

The experimental setup was described in detail in [5, 12]. 
The continuous beam of K atoms was obtained by reso- 
nant charge exchange between the fast K ions and atoms 
in potassium vapor. The atomic beam energy was 3.9 
keV. The fast K atoms in the beam were excited to 
Rydberg states in two steps according to the scheme 
481/2 ~ 4/93/2 ~ nDs/2 (or nS1/2) by means of laser radia- 
tion counterpropagating to the beam in a field-free region, 
1 m long. The first-step excitation laser had 21 = 765 rim. 
The second-step excitation laser wavelength was tuned 
over the range 456-461 nm and so the K atoms could be 
excited to the Rydberg states with n = 20-40. The dye 
lasers were pumped by an XeC1 excimer laser with a 20 Hz 
pulse repetition rate. The bandwidths of laser radiation 
in the first and second excitation steps were 0.5 cm -1 and 
0.8 cm -1, respectively. 

The Rydberg atoms were ionized in the ionizer, and the 
resulting ions were deflected onto the detector, i.e. a sec- 
ondary electron multiplier, placed at angle c~ = 22 ° rela- 
tive to the atomic beam axis. A gated counting system was 
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Fig. 1. Scheme of the ionizer 

used to measure the background signal resulting from the 
collisional processes; the signal ions from the entire field- 
free region was measured using a recording system which 
integrated the current passing through the multiplier after 
each laser pulse. 

2 Ionizer 

The ionizer consisted of 12 equally-spaced coaxial dia- 
phragms with their planes perpendicular to the atomic 
beam axis. Its dimensions are presented in Fig. 1. The 
thickness of the diaphragms 5 = 1 mm, the distance 
between them A = 3 ram. The excited potassium atoms 
entered the ionizer on the side of the first diaphragm. 
Under transverse ionization the potentials of all the co- 
axial diaphragms are equal to zero. The Rydberg atoms 
are ionized in the electric field formed by two cylinders, 
and the resulting ions are deflected by the same field onto 
the detector. In this case there is only a transverse com- 
ponent of the electric field on the ionizer axis. Under 
longitudinal ionization the potential U i is fed to the 9th 
diaphragm. The potentials of the first eight diaphragms 
are Uk = Ui(k -- 1)/8, where k = 1-8. The Rydberg atoms 
formed by laser radiation are ionized between the 9th and 
10th diaphragms where the electric field strength is maxi- 
mal. There is only a longitudinal component of the electric 
field on the ionizer axis. The ions formed in the ionizer can 
be focused by a single lens, consisting of diaphragms 10- 
12. The cylindrical electrodes at potentials of U+ and U_ 
act as a deflector directing the ions onto the detector. 

3 Ionizer Electric Field 

The distribution of the potential formed by a system of 
coaxial diaphragms was calculated by solving the Laplace 
equation written in a cylindrical coordinate system r, x, 0 
for a field with rotational symmetry [17]: 

V 2 U _ = 1 6 ~ ( O U )  ~2U 
r~rr r~- r  +#~-x 2 = 0 "  

The distribution of the potential Uint in the gap between 
diaphragms, with r -- D/2, was assumed to be linear. It can 

be written analytically in the coordinates x, y as a Fourier 
series 

U(x, y = D/2) = ~ qh, sin(nnx/L) , 
n 

where 

2 
i Ui. t 'sin(~nx/L)dx,  L = ll(A + 5) + 25, ~o, = L o  

L is the dimension of the area where the ionizer electric 
field is accumulated. The distribution of the potential in- 
side the system of coaxial diaphragms has the form 

U(x, y) = ~ A,Io(nny/L)sin(rcnx/L) , 
n 

/ n n D \  
where A, = q&/Io~ 2L ) '  Io is the zeroth-order modified 

k / 

Bessel function. The electric field strength components 
in this case will be 

(7) ,o cost E~(x, y) - ~x " L "  ' 

•U ['rcny'~ rcn . frmx~ 
Ey(x,y)- ~y - ~ A . ' l l t ~ J ' ~ ' s l n t ~  ) , 

where 11 is the first-order modified Bessel function. The 
potential and the electric field strength distribution were 
calculated with a computer. The electric field calculation 
accuracy depends on the number of terms of the Fourier 
series. As the number of terms varies from 20 to 50, the 
results of calculation do not change considerably, and 
therefore the Fourier series in our calculation was restricted 
to 50 terms. Figure 2 shows the calculated distributions of 
the electric field potential and the absolute field strength 
on the ionizer axis with U i = 2000 V and Uf = - 2 0 0 0  V. 
The focusing electrode at potential of Uf makes it possible 
to focus the resulting ions onto the detector. It can be 
seen that the field strength is constant between diaphragms 
2 and 6 and maximal near diaphragm 10. 

The electric field and the distribution of the potential 
formed by two cylindrical electrodes at potentials of U+ 
and U_, when [U_[ = U+, can be written in the form [-18] 
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Fig. 2. Calculated dependences of 
absolute field strength (solid line) 
and potential (dashed line) of 
electric field on the ionizer axis on 
the x-coordinate for U i = 2000 V, 
u r  = - 2 0 0 0  v 

Ui Uf 

°.© 

Ex(x,  y) = K x ( 1 / a  2 -- 1/a 2) 

E , ( x , y )  = K [ ( y  + h)/a 2 + (h - y)/a22l , 

U(x,  y) = K ln(a2/a  1),  

where h = x / H  5 - r 2, K = U+/ ln[ (H + h)/r], 

a 1 = x / ( x - B )  2 + ( y + h )  2, 

a 2 = x / ( x -  B) 2 + ( y -  h) 2 " 

The solid line in Fig. 3 shows the calculated dependence of 
the field strength on the ionizer axis. The maximum field 
strength corresponds to x = B = 57 mm. The potential on 
the ionizer axis is equal to zero. 

The field strength in which the Rydberg atoms become 
ionized depends significantly on the evolution of the atoms 
in the growing electric field [19, 20]. The Stark sublevels 
of a real a tom cannot cross. A region of level quasicrossing 
is formed. The width of the resulting enerqy gap depends 
on the extent to which the levels are coupled. An atom will 
enter the level quasicrossing region adiabatically when the 
field increases sufficiently slowly, and the energy gap is 
large. In this case the point where Rydberg atoms with 
the effective principal quantum number  n* are ionized 
is approximately determined by the critical electric field 
strength Ecr = 3.2 x 108/n .4 V/cm [19, 20]. Unlike in our 
experiments with He [5], for K we have observed only 
adiabatical ionization of Rydberg atoms. The position of 
the signal corresponding to the excitation of the nD state 
was the same as the position of the signal from (n + 2)S 
state. 
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Fig. 3. Calculated dependences of absolute field strength of elec- 
tric field on the ionizer axis on the x-coordinate for U+ = 
- U_ = 1000 V (solid line) and critical field strength for different 
values of the effective principal quantum number n* (dashed 
lines) 
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Fig. 4. Calculated dependence of 
absolute field strength of electric field 
on the ionizer axis on the x-coordinate 
for Ui = 2000 V, Uf = -2000 V (solid 
line) and critical field strength for 
different values of the effective principal 
quantum number n* (dashed lines) 

The dashed lines in Fig. 3 correspond to the critical field 
strength for n* = 20 to 29. Figure 4 shows similar depen- 
dences for a longitudinal-field ionizer. With the ionizing 
potential of Ui = 2000 V, atoms with n* more than 18 can 
be ionized. It  can be seen that, if Ui = 2000 V, atoms with 
n* more than 27 are ionized at the entry of the ionizer 
between diaphragms 1 and 2, and atoms with n* less than 
27 are ionized in a region with a higher field strength 
between diaphragms 9 and 10. 

4 Ion Trajectory Calculation 

Ion trajectories are calculated by solving the system of 
differential equations using the R u n g e - K u t t a  method by 
means of a computer. 

"£ = v x , 

e 

f~  = M E~  , 

e 
~y = ~ Er , 

where Ux, Uy are the projections of ion velocity on the axes 
x and y, e is the ion charge, and M is the ion mass. The 
calculations were carried out for atoms on the ionizer axis 
and at distances of + 1 mm and - 1  m m  from the axis. 
Figure 5 shows ion trajectories in a longitudinal ionizer. 
Figure 5a presents the trajectories of the ions formed by 
field ionization of atoms with n* = 25. Figure 5b presents 
the trajectories of the ions flying into the ionizer with 
the same values of Ui, Uf, U+, U_. These ions formed in 
the field-free region due to collisional ionization of neutral 
K atoms by the residual gas molecules. It can be seen 
that the deflection angle in Fig. 5b is larger, because the 
Rydberg atoms are subjected to the action of the electric 
field only after ionization. The final kinetic energy of the 
resulting ions in this case is higher than the initial energy 
of the atoms by about  1.5 keV (Fig. 2). The kinetic energy 
of the ions, formed in a field-free region, does not change. 

v 

1o (a) 

5 ® 10 15 20 25 

x (cm> 

v 

(b) 

/ 
5 ® 10 15 20 

x (cm) 

t 

25 

Fig. 5. Calculated trajectories of ions in a longitudinal-field ion- 
izer for Ui = 2000 V, Uf = -2000 V, U+ = - U _  = 1000 V: (a) 
formed by ionization from Rydberg atoms with n*=  25; (b) 
formed in the field-free region 

It  can be also seen that after passing the ionizer the diver- 
gence of the initial ion beam is larger than that of the ions 
formed from atoms with n* = 25. Similar ion trajectories 
in a transverse-field ionizer are presented in Fig. 6. For  the 
trajectories given in Fig. 6a the field begins acting at a 
point where the field strength is critical for a toms with 
n* = 25. In Fig. 6b the ion is subjected to the action of the 
field starting from x = 40. It  can be seen, that the deflection 
angle for ions created in the field-free region is larger than 
for the ions formed from atoms with n* = 25. 
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Fig. 6. Calculated trajectories of ions in a transverse-field ionizer 
for U+ = - U_ = 1000 V: (a) formed by ionization from Rydberg 
atoms with n* = 25; (b) formed in the field-free region 

5 Ionizer Dispersion 

In both ionizers atoms with different n* are ionized at 
different points of the ionizer. If the angle of ion deflec- 
tion e is fixed, the potentials U+, [I_ (U+ = - U_), which 
should be applied to the cylindrical electrodes in order to 
deflect the ions onto the detector, are different for various 
n*. The dependence U_(n*) (U+ = - U_) for the longitudi- 
nal-field ionizer is determined by the potential distribu- 
tion. The solid lines in Fig. 7 show the potentials at the 
cylindrical electrodes needed to deflect the ionized atoms 
at the angle ~ = 22 ° as a function of the effective principal 
quantum number  n* for ionizers with transverse (Fig. 7a) 
and longitudinal (Fig. 7b) fields. The calculation was done 
for the atoms on the ionizer axis. The experimental results 
are marked with asterisks. One can see that there is a good 
agreement between calculated and experimental data and, 
also, that the curves for different ionizers are qualitatively 
different. For  the transverse-field ionizer (Fig. 7a) the po- 
tential I U_] decreases smoothly with an increase in n*. This 
is due to the fact that atoms with large n* are ionized by 
an electric field with a lower strength, i.e. farther from the 
cylindrical electrodes, and longer subjected to the deflect- 
ing action of the cylinder field. In the longitudinal-field 
ionizer the situation is more complicated (Fig. 7b). For  
atoms with n* _> 27 the field strength is higher than critical 
strength even at the entry into the ionizer (diaphragms 1, 
2). Atoms with n* _< 28 can be ionized only between dia- 
phragms 9 and 10. As n* drops from 28 to 21, the required 
potential I U_ [ decreases. This is due to the fact that ioniza- 
tion occurs at points with lower potentials (Fig. 2). Hence, 
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Fig. 7. Dependences of the potentials U_ = - U+ at the cylindrical 
electrodes, needed for deflecting the ionized atoms at the angle 
of a = 22 ° on the effective principal quantum number n* for 
transverse (a) and longitudinal (b) ionization if Ui = 2000 V, 
Uf = -2000 V. Solid curve: calculation, asterisks experimental 
data 

the resultant ions have a lower energy and they need a 
lower potential at the cylinders I U-J to be deflected onto 
the detector. It can be seen from Fig. 7 that, with n* ~ + 0% 
U_ is the same for the both ionizers. 

6 Energy Spread of Resultant Ions 

For  detecting ultra rare isotopes one can use further sepa- 
ration of ions resulting from field ionization of Rydberg 
atoms. The kinetic energy spread of ions in both ionizers 
depending on n* is a very important  quantity for joining 
the ionizer with the mass separator. Table 1 presents the 
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Table 1. Calculated values of potentials [V] of the electric field at 
points, where the field strength is critical for different n*, in 
the case of longitudinal (a) and transverse (b) ionization on the 
ionizer axis and at a distance of 1 mm from the axis, as well as the 
relative energy spread of resultant ions As [%] with an initial 
atomic beam energy of 3.9 keV 

a) n* y = 0mm y = l mm A~ [%] 

20 1310 1338 0.5 
30 116 111 0.1 

b) n* y = - l m m  y = l mm As [%] 

20 200 -200  10.3 
30 40 - 4 0  2.1 

results of calculation for the potentials of the points where 
the field strength is critical for different values of n* and 
the relative energy spread for ions if the initial beam energy 
is 3.9 keV. It  was assumed that ionization occurs very fast, 
and the ion energy spread due to the final ionization rate 
of atoms is small. 
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Fig. 8. Calculated dependences of the potentials U_ = - U+ at 
the cylindrical electrodes, needed for deflecting the ions formed 
at the point with the x-coordinate at the angle of ~ = 22 ° on the 
x-coordinate. Ui = 2000 V, Uf = -2000 V 
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7 Collisional Ionization of Atoms 

Collisional excitation and ionization of the fast atoms of 
the abundant  isotope by the residual gas molecules form 
a serious limitation for the method of detecting the rare 
isotopes by means of collinear laser photoionization of 
atoms in an accelerated beam. The cross sections of colli- 
sional excitation to Rydberg states are very small, ~ 10 -2o 
cm 2 [-15, 16]. These atoms are formed along the whole 
field-free region of excitation and cannot be distinguished 
from the rare isotopic atoms in the Rydberg state since 
they are ionized at the same points of the ionizer as the 
rare isotopic atoms are. The second cause of background is 
collisional ionization of fast atoms at the points where field 
ionization of the rare isotopic atoms takes place. The 
cross section of collisional ionization is approximately 103 
times larger than that of collisional excitation to a Rydberg 
state. The value of this background depends on the design 
of the ionizer. This collisional background is proport ional  
to the length of the region from which the ions can reach 
the detector. 

The ions formed by collisions in the field-free region can 
be extracted from the beam by a filter deflector at the entry 
into the ionizer. 

The background resulting from collisional ionization 
was calculated in the following manner. For  every point 
of the ionizer we calculated the potential U_ (U+ = - U_) 
that must be applied to the cylinders in order to deflect the 
ions, formed at a given point, to the detector. Such a 
dependence for longitudinal ionization is given in Fig. 8. 
The minimal potential IU-] corresponds to the point for 
which the final kinetic energy of the resulting ions is mini- 
mal (Fig. 2) and the peak of the potential I U_ I corresponds 
to the point where the potential in Fig. 2 is maximal 
(x - 29 mm). For  transverse ionization this dependence is 
a monotonically increasing curve. It is assumed that the 
value of background for a given potential U_ is propor-  
tional to the length of the region for which the ions formed 

by collisions have the same final energy. The calculated 
dependence of the background due to collisional ioniza- 
tion in the region of the ionizer on the voltage at the 
cylinders U_ is given in Fig. 9a for longitudinal ioniza- 
tion. It  was assumed that ions with an energy spread of 
10 eV can reach the detector. The highest peak (U_ = 
- 9 7 0  V) corresponds to the ions from the region with 
x < 0 and from small parts with x = 36 mm and 47 mm. 
The main contribution to the peak at U_ = - 1 3 6 0  V 
comes from the ions formed in the region corresponding 
to the maximum in Fig. 8 (x = 29 mm). Figure 9b shows 
the experimental dependence of the background resulting 
from collisional processes on voltage U_. One can see 
that the positions of the peaks in Fig. 9b are in satisfac- 
tory agreement with the calculated values. The higher 
value of the experimental background at U_ = - 9 7 0  V 
is due to the ions from the field-free region. The calculated 
and experimental dependences of the background for the 
transverse-field ionizer are given in Fig. 10a and Fig. 10b, 
respectively. It can be also seen that the position of the 
peak and its shape are in satisfactory agreement with 
calculated results. 

8 Conclusions 

The properties of longitudinal and transverse ionizers for 
fast Rydberg atoms have been studied experimentally and 
theoretically. Satisfactory agreement between calculated 
results and experimental data has been obtained for such 
properties as dispersion and behavior of the background 
due to collisional processes between fast atoms and resid- 
ual gas molecules. The energy spread of the ions formed 
by field ionization of Rydberg atoms and their trajec- 
tories have been calculated. The energy spread of the ions 
formed after ionization of Rydberg atoms in the longi- 
tudinal scheme is smaller than in the transverse one. Lon- 



Ionization of Fast Rydberg Atoms 

I z 

-g 
C[ ~t 

CD 
Z 

cm 

(m 

o 
- 6 0 0  -800 

I ,,I 

-1000 -1200 
U. (V) 

(o) 

-1HO0 - 1 6 0 0  

v) b- 

>- 

n,, 
f-- 

fMI 

£3 

O 
eft 

o 
-600 

J 
- 800 - 1 0 o o  -1200 -1"~oo -1600 

U_(V] 

Fig. 9. Dependence of the background on the potentials U_ = 
- U +  at the cylindrical electrodes for the longitudinal-field 
ionizer, for Ui = 2000 V, Uf = - 2 0 0 0  V: (a) calculation; (b) 
experimental data 

gitudinal ionization is preferential for the detection of rare 
isotopes if subsequent mass separation is used. 
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