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We studied laser isotope-selective two-step photoionization of metastable helium atoms in a fast beam. The detection selectivity 
attained for the rare isotope 3He was 106. 

I. Introduction 

The development of laser methods of detecting 
single atoms [ 1 ] has made it possible to set out to 
perform an ultrasensitive isotope analysis of sub- 
stances containing rare isotopes in concentrations of 
less than 10- J o of that of the main isotope [ 2 ]. Sev- 
eral methods based on the isotope-selective action of 
laser radiation have been proposed for detecting such 
isotopes. These include the multistep photoioniza- 
tion of atoms [3], fluorescence of atoms in a beam 
[4 ] and at the exit from an ordinary mass spectrom- 
eter [5], stepwise collinear photoionization of at- 
oms in a fast beam [6], resonant laser depletion of 
a preliminarily excited state [ 7 ], magnetic mass se- 
lection in conjunction with resonant neutralization 
and laser resonant ionization [8,9], and selective 
deceleration [ 10] and deflection [ 11 ] of atoms. 

Considerable progress has recently been made in 
detecting rare radioactive Kr isotopes with the use of 
preliminary enrichment and resonant ionization 
spectroscopy techniques [ 12 ], in studying the opti- 
cal characteristics of short-lived isotopes by means 
of collinear laser spectroscopy [13] and resonant 
ionization mass spectrometry [14,15], and also in 
detecting isotopes with the aid of resonant excitation 
and ionization by collision in thermionic diode de- 
tectors [ 16 ]. 

In this paper we present the results of experimen- 
tal studies of collinear laser photoionization of fast 
helium atoms. The idea of the method is that the iso- 

tope-selective stepwise excitation and ionization of 
the atoms being detected are effected in an acceler- 
ated atomic beam obtained by neutralizing an ion 
beam preliminarily accelerated in a given acceler- 
ating potential UA [6]. Along with the high sensi- 
tivity inherent in photoionization detection 
techniques [ 17 ], this method possesses the follow- 
ing important advantages. 

(i) The method provides for an additional isotope 
shift in atomic absorption spectra on any atomic 
transition. 

(ii) It ensures the narrowing of the Doppler- 
broadened spectral lines down to the radiative line- 
width and thus allows narrow-band laser radiation to 
interact with all the atoms of the accelerated beam 
[18]. 

(iii) The method makes it possible to carry out, 
using the existing dye lasers, isotope-selective exci- 
tation to Rydberg states of atoms having a high ( _~ 20 
eV) ionization potential and featuring high-lying 
metastable states. 

The experiments on the two-step excitation of po- 
tassium isotopes to Rydberg states demonstrated the 
possibility of achieving a detection selectivity of 4°K 
as high as 105 [ 19]. In that case, the isotope-selec- 
tive excitation was effected in a single step only. 

The next step toward radical improvement of de- 
tection selectivity would naturally be the use of the 
effect of multiplication of excitation selectivities 
achieved at each step, e.g., S=S~ XS2 for two-step 
excitation [3]. The maximum selectivity of excita- 
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tion of  a rare isotope by means o f  a laser radiation 
with a bandwidth of  AVL satisfying the condition 
F <  A VL << A U,, where F is the homogeneous absorp- 
tion line halfwidth and A v~ the isotope shift, is given 
by the expression S~.2= (Aui/F)z(2F/AVL) ~. For 
example, in the case of  helium, the homogeneous 
halfwidth of  absorption lines on the transitions con- 
sidered later in the text is governed by the lifetime 
of  the 3 3p level and is F = 0 . 8 4  MHz. The selectiv- 
ities of  the excitation o f  the 3He isotope at the first 
and second excitation stages at AVL=0.5 cm ~ are 
7 . 2 ×  1 0  6 and 1.4× 1 0  6 , respectively. The total spec- 
tral selectivity S of  the above two-step excitation 
process is then 10] 3. 

There are, however, a number  of  collisional pro- 
cesses which must be considered when estimating the 

~I More exact expressions for many cases are given in refs. [ 17] 
(Chap. 9) and [20]. 

ultimate selectivity of  detection of  a rare isotope. To 
study these processes, we selected the isotope 3He the 
natural abundance of  which is 1.4× 10 -6 of  that of  
the main isotope 4He. 

The ionization potential of  the helium atom (fig. 
1 ) is E~=24.6 eV and therefore, to effect its stepwise 
ionization starting from the ground state and using 
the existing lasers is impossible. The helium atom 
has two long-lived metastable states: the 2 ~So singlet 
state and 2 3S, triplet state. Using the phenomenon 
of  charge exchange between accelerated ions and al- 
kali metal vapors, it is possible to prepare fast neu- 
tral atoms in these metastable states. Potassium 
atoms are a suitable candidate for such an exchange. 
The electron-binding energy in the 2 ~ S and 2 3S states 
of  the He atom is close to the ionization energy of  K 
from its ground state 4S~/2. As a result of  charge ex- 
change, approximately 3 /4  o f  the atoms are formed 
in the triplet metastable state 2 3S [21 ]. The isotope- 
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Fig. 1. Energy level diagrams of  helium and potassium atoms. 
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selective laser excitation of the accelerated helium 
atoms to the n 3S and n 3D Rydberg states, followed 
by ionization in an electric field, was carried into ef- 
fect through the intermediate level 3 3p.  

2. Experimental setup 

The experimental setup is shown schematically in 
fig. 2. The continuous helium ion beam was pro- 
duced by means of a hot-cathode gas-discharge 
source. The ion energy was 3.9 keV and was deter- 
mined by the beam-forming electrode potential UA. 
The collimated ion beam was then deflected by the 
deflector dl and directed into the charge exchange 
cell. The deflector is necessary to separate the ion 
component of the beam from the neutral beam com- 
ponent formed as a result of resonant charge ex- 
change between helium ions and helium atoms in the 
vicinity of the extracting electrode. 

In the charge exchange cell, around 40% of the ions 
were converted into metastable helium atoms. The 
fast atoms thus formed passed through the filter ca- 
pacitor f~ and entered a field-free region. The filter 
capacitor field strength was E:~ = 9 kV/cm, and so 
the helium atoms formed as a result of charge ex- 
change in states with the principal quantum number 
n > 17 were ionized and extracted from the beam, as 
well as the helium ions that failed to exchange their 
charge. The field-free region with a length of L = 100 
cm was limited by the aperture diaphragms D3 and 
D4. To reduce the residual gas pressure, this region 
was surrounded by a "jacket" kept at the tempera- 

ture of liquid nitrogen. The isotope-selective exci- 
tation of the helium atoms to the Rydberg states was 
effected by means of laser radiation at frequencies u~ 
and p 2 propagating counter to the atomic beam. The 
ions formed in the field-free region as a result of the 
fast atoms colliding with the residual gas molecules 
could be extracted from the beam by the filter ca- 
pacitor f2. The highly excited atoms prepared by the 
laser radiation were ionized in a field ionizer and de- 
flected in the same ionizer onto a detector. The de- 
tector could be set at an angle of o~=20 ° or 45 ° to 
the atomic beam axis. The ionizer was formed by two 
cylinders 6 mm in diameter spaced at a distance of 
14 mm between their axes. With this ionizer system 
geometry, the electric field along the atomic beam 
diameter equal to 2 mm was practically constant. Be- 
fore reaching the detector, the ions passed through 
the adjustable slit S 0-6 mm in width. The effective 
neutral atomic beam current was 1-15 hA. 

The ions were registered by means of a gated 
counting system during a time o f z = L / u  equal to the 
time of flight of the atoms through the field-free 
region. 

The fast atoms were excited with dye lasers 
pumped by a XeC1 excimer laser with a pulse rep- 
etition rate of 17 Hz. The lasers operated at 390 and 
790-800 nm. The bandwidth AUL of both dye lasers 
was equal to 0.5 cm -~, and the laser pulse duration 
was 6 ns. 

The natural isotope shift on the first transition 
2 3S_~3 3p is equal to 1.45 cm -1. As a result of the 
acceleration of the atoms to an energy of 3.9 keV, it 
is increased to 7.1 cm-1. In that case, the resonant 
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Fig. 2. Schemat ic  d i ag ram of  exper imen ta l  setup: f~ and f2 - f i l ter  capaci tors;  D~ = 10 mm,  D2=6 mm,  D 3 = 6  mm,  and  D 4 = 2  m m  - 
aper ture  d iaphragms;  d~ and  d2 - deflectors;  I~, I2, and  I3 - beam current  meters;  S - slit. 
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absorption frequency of the 4He isotope shifts 37.2 
c m -  ' towards the "red" side. The isotope shift of  the 
accelerated atoms at the second step (33p->n 3S, 
n 3D) amounts to around 3 cm- l ,  which is com- 
parable with the distance between the nS and nD 
lines. For this reason, to carry out two-step isotope- 
selective excitation, the frequency of the second-step 
laser should be chosen so as not to make the stronger 
nD line of the 3He isotope coincide with the nS line 
of the ~He isotope. This condition is satisfied, for ex- 
ample, by the 33p->243D transition. 

3. Ionization of fast Rydberg atoms 

The fast atoms excited to the n 3S and n 3D states 
are ionized in the transverse electric field of  the ion- 
izer capacitor. The longitudinal electric field com- 
ponent along the atomic diameter D4=2 mm is 
practically zero. Unlike ions, the Rydberg atoms en- 
tering the ionizer begin to undergo the deflecting ac- 
tion of the field only starting from the point they are 
ionized, hence they are deflected to a smaller angle. 
With the setting angle of the detector being fixed, to 
register the signal from the Rydberg atoms, it is nec- 
essary to increase the ionizer field strength in excess 

of that required to deflect ions. Thus, the ionizer ca- 
pacitor voltage at which the signal due to the ioni- 
zation of a highly excited state is observed beyond 
the slit S depends on the distance from the ionizer 
axis (i.e., the ionizer field strength ) at which this state 
is ionized, and so the transverse electric field ioni- 
zation system used is dispersive with respect to n. 

As with the time-resolved field ionization tech- 
nique [22 ], the ionization signal due to the He (nd) 
states exhibits several peaks corresponding to var- 
ious projections of the orbital momentum I rn~l. 
More detailed results are presented in ref. [23 ]. 

Fig. 3 illustrates the isotope selectivity of the fast 
atom ionization process. Fig. 3a shows the ion signal 
as a function of the second-step laser frequency v2, 
the first-step laser frequency being in resonance with 
the 4He isotope ( ul = 25671.4 c m -  ' ). The ion signal 
for the 3He isotope 10 - 4  in relative concentration 
(fig. 3b) was obtained with the frequency v~ shifted 
7.1 c m -  ' towards the "red" side. As can be seen, the 
signal from 4He is altogether absent, and the detec- 
tion selectivity is limited by the background ions at 
106 at a residual gas pressure of 10-7 mm Hg in the 
system. 

The magnitude of the ion background is indepen- 
dent of laser radiation and is directly proportional to 
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Fig. 3. Ion signal as a funct ion o f  the second-step laser frequency v2: (a)  first-step laser frequency u, =25671.7 c m - '  in resonance with 
4He; (b )  v, =25664.3 cm-~ in resonance with 3He. Averaged over 16 pulses. 
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the residual gas pressure in the system and the atomic 
beam current.  Wi th  the ioniza t ion  system being ad- 
jus ted  for the level n = 30 and the residual  gas pres- 
sure kept  at l0  -7 m m  Hg, the background ion 
count ing rate comes to l0  -3 counts  per  pulse at an 
effective a tomic  beam current  of  1 nA. There are two 
main  causes of  the format ion of  background ions. The 
first is due to the fact that  the a toms coll iding with 
the residual  gas molecules in the field-free region be- 
come excited to Rydberg  states: 

He (2 ~S, 2 3S) + M - , H e * ( n )  + M .  

The highly excited a toms thus formed do not differ 
from those p roduced  selectively by laser rad ia t ion  
and also undergo ioniza t ion  in the ionizer.  

The second cause of  the ion background is the ion- 
izat ion of  the fast a toms by collision with the resid- 
ual gas molecules in the region where the Rydberg  
a toms are subjected to field ionizat ion:  

H e ( 2  ~S, 2 3S) + M ~ H e  + + M + e .  

The ions p roduced  in this region are also deflected 
onto the detector.  The effect o f  these two processes 
on the magni tude  o f  the ion background can be seen 
in fig. 4. The arrows indicate  the posi t ions  o f  the 
max ima  o f  signals from a toms exci ted to states with 
var ious  n ( l = 0 ) .  At a filter capaci tor  voltage of  
Us_, = 0 the ion background from the region n = 28 is 
due to the above two causes. At  U/~ = 1000 v all of  
the a toms  with n > 24 formed in the field-free region 
are ionized in the filter capaci tor  and extracted from 
the beam,  and so the remaining  background  signal is 
due to the ioniza t ion  by coll ision o f  the fast a toms 
in the ionizer  region. As seen, the cont r ibut ions  o f  
these two processes are approx imate ly  the same, al- 
though their  cross sections differ  by a factor of  500-  
1000. 

4. Conclusion 

The results o f  our  studies give reason to believe 
that  the mul t is tep col l inear  laser photo ion iza t ion  o f  
fast a toms  is a sensit ive and highly selective means  
for analyzing the isotope compos i t ion  o f  substances. 
Using hel ium a toms  as an example,  we demon-  
s trated that  the detect ion selectivity defined as the 
rat io  o f  the number  o f  the ionized Rydberg a toms o f  
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Fig. 4. Background signal as a funct ion o f  the ionizer capacitor 
potential U_ at various f i l ter capacitor voltages UL~. The arrows 
indicate the posit ions o f  the maxima o f  signals from atoms ex- 
cited to Rydberg states with the principal quantum number n 
( l = 0 ) .  P = 4 ×  10 -7 mm Hg. 

the main  isotope, p roduced  by laser radiat ion,  to the 
number  of  background ions was 106 at a residual  gas 
pressure of  10-7 m m  Hg in the system. The method  
makes  it possible to detect, without  using any ad- 
di t ional  mass-spectroscopic techniques,  3He with a 
relative concentra t ion of  10-6. This is of  interest  in 
studying the isotopy of  natural  hel ium [24 ]. 
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