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Abdrad. The cross sections for production of hydrogen Rydberg states (n=24-27)  in 
collisions of fast (accelerated to 3.6 keV) hydrogen aloms with H,, N, and He were 
measured. Field ionization was used to select states in terms of the principal quantum 
number n. The field ionizer was calibrated by the ionization of Rydberg states selectively 
excited by dye lasers. I t  has been found that the cross sections scale with n in the same 
way as the cross sectiom of hydrogen Rydberg state production, when the fast protons 
exchange their charge on potassium. 

The excitation of hydrogen atoms to Rydberg states in collisions with other neutral 
atoms and molecules is of interest for experimental physics (Koch 1983) as well as in 
studying and simulating some processes in atmosphere and space. Also, experimental 
data obtained for the cross sections of this process would be useful for testing the 
methods being developed now in atomic collision theory (McLaughlin and Bell 1989, 
Borodin 1986), especially in the range of energies below 100 keV where the Born 
approximation cannot be applied. However, as far as we know, there are just a few 
experimental works (Gostev et a/  1982, Kurskov and Khakhaev 1989, Kudryavtsev 
and Petrunin 1991) concerned with the formation of highly excited states in collisions 
of neutral atoms. I n  all these experiments the excitation of He atoms was studied, and 
there are no results for hydrogen. 

In this work we measured the cross sections for the formation of hydrogen Rydberg 
states in collisions between fast hydrogen atoms and the molecules H,, N2 and He. 
The experiments were performed with a set-up designed for collinear photoionization 
detection of rare isotopes in an accelerated atomic beam (Aseev el a /  1991). The 
collisional excitation of Rydberg states in a fast atomic beam is one of the processes 
that produces a background signal limiting the detection of rare isotopes (Kudryavtsev 
and Petrunin 1988, Kudryavtsev et a/  1988). In this work we measured the cross sections 
for the collisional formation of hydrogen atoms in Rydberg states using the dependence 
of the background signal on the gas pressure in the vacuum system. This technique 
was used by Kudryavtsev and Petrunin (1991) to measure the cross section for the 
formation of He Rydberg states in collisions of fast metastable He atoms with He, Ne 
and N2. 

The experimental set-up is schematically shown in figure 1. A proton beam of- 
energy 3.6 keV was produced by a high-frequency discharge ion source, focused and 
then deflected by a magnetic mass filter to free it  from the molecular and neutral 
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Figure 1 .  The scheme of the experimental set-up: I ,  atomic Row meter; G, pressure gauge; 
f, ,  f,, filtering capacitors; P,-P,. vacuum evacuation: s, variable width slit. 

components of the beam. Then, in the charge-exchange cell the fast protons were 
rechzged in potasslxm vapocrto fie"%?! atoms, one Fo:.+h ofthe PI:U"S 'acre p:o+ced 
in the metastable 2s state. The unrecharged ions were removed from the neutral beam 
with a filtering capacitor f , .  In the electric field of this capacitor the 2s and 2P states 
of hydrogen are mixed which leads to  a decay of the metastable states. 

Laser excitation of Rydberg states was used in this work just to calibrate the field 
ionizer. When the electric field strength in the filtering capacitor f, was 250 V cm-', 
about half the metastable atoms had time to pass through the field without decay, but 
all the protons were removed from the beam. After :he capacitor :he atomic beam 
entered a 110 cm long interaction region where two-step selective laser excitation of 
metastable hydrogen atoms to different Rydberg states via the intermediate 3 P  level 
could be realized. For this purpose, the radiation of two pulsed dye lasers ( A ,  = 657 nm, 
A 2  = 830 nm) pumped by a copper-vapour laser was directed collinearly with the atomic 
beam. When entering the electric field of two ionizing cylinders the Rydberg atoms 
were ionized, and the resulting ions were deflected by the same field into the variable- 
width slit in front of the detector. 

Such an ionization scheme is characterized by dispersion with respect to n, since 
different Rydberg states are ionized at different electric field strength and, hence, are 
subjected to the deflecting action of the field to  different degrees. 

Figure 2 ( a )  shows how the photoion signals depend on the voltages of the ionizing 
cylinders at laser excitation of Rydberg states with n = 23 and n = 21. The peaks of 
the adjacent Rydberg states are considerably overlapped due to the diabatic character 
of ionization of atoms in an electric field typical of hydrogen. The peak observed at 
voltages U+ = -U_ = 910 V is conditioned by the direct photoionization of metastable 
atoms to  continuum as two quanta of first-step laser radiation A ,  are absorbed. The 
photoion signal disappeared completely at high field strength in the capacitor fi 
( Ur,>3-kV) which ionized all the  Rydberg atoms before they entered the field of the 
ionizing cylinders. 

The atomic beam current was about IO'' atoms per second and was measured with 
the use of a detector based on secondary electron emission. The secondary electron 
emission coefficient for hydrogen atoms was assumed to be 1.18 times higher than for 
protons (Thomas 1985). The coefficient of secondary electron emission from the 
tantalum bottom of the detector for protons measured in the case of a cold charge- 
exchange cell and with switched off voltages U r , ,  U,,  U+ and U- was 1.02iO.05. the 
ion current in  this case was measured with a Faraday cup. The detection efficiency of 
the secondary electron multiplier was measured by deflecting the ion beam into the 
detector by means of ionizing cylinders ( U ,  = -U_  = 910 V). It was equal to  0.39k0.05. 
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Figure 2. ( 0 )  The photaion signal as a function of the voltages of the ionizer cylinders 
U+ = -U- at laser excitation of Rydberg states with n = 23 and n = 21. ( b )  The ion signal 
as a function of the voltages of the ionizer cylinders U+ = - U. with switched off and on 
voltage on the filtering capacilor f,. Atomic Row 1.1 x 10‘‘s-‘, hydrogen pressure 1.3 x 
10-’Tarr. d i t  width 2 m m .  

When we studied collisional processes, the field strength in the filtering capacitor 
f, was 9 kV cm-’. All the metastable 2s states in this case decayed completely, and all 
the highly excited states with n > 16 which could be formed in the charge exchange 
cell were ionized. 

As the atomic beam propagated in the interaction region and collided with the 
molecules of the gas let into the system, we could observe both collisional excitation 
of Rydberg states and collisional ionization of fast hydrogen atoms. With the voltage 
of the ionizing cylinders U+ = - U _  = 910 V, when all the ions from the interaction 
region reached the detector, we determined the collisional ionization cross section of 
hydrogen atoms uol for different gases from the pressure dependence of the ion signal. 
The values obtained are given in table 1. The results of our measurements are in good 
agreement with most of the data for uo, available in the literature (Tawara 1978, Nakai 
et a/ 1987) which points to the absence of large experimental errors. 

Figure 2 ( h )  shows the ion signal as a function of the voltages of the ionizing 
cylinders with the voltage of the filtering capacitor f2 switched on and off and with 
the hydrogen pressure in the vacuum system being 1.3 x Torr. The part of the ion 
signal conserved at high voltages Urz was conditioned by the collisional ionization of 
fast atoms directly in the region of the electric field of the ionizing cylinders. The other 

Table 1. Experimental cross sections of the ionization (m, , , )  and of the excitation to the 
Rydberg state with n = 24 (U::) of hydrogen atoms accelerated to 3.6 keV in collisions with 
H,, N, and He. 

H* 7.4 2.4 
N, 16.1 2.6 
He 8.3 1.4 
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part of the signal that disappeared as U, increased, in the same way as the laser 
photoion signal, was caused by the field ionization of the Rydberg atoms formed as 
a result of collisions in the interaction region. More detailed confirmation of such an 
interpretation can be found in the work by Kudryavtsev and Petrunin (1991). 

The Rydberg atoms excited b y  collisions were subjected to diabatic ionization in 
the electric field similarly to laser-excited Rydberg atoms. The cross sections for the 
formation of Rydberg states were determined from the dependence of the signal on 
gas pressure as is described by Kudryavisev and Petrunin (i99i). '%e exciiaiion cross 
sections for states with n =24 are listed in table 1. The absolute error of these 
measurements is estimated as +80/-45%. The relative error for various gases does not 
exceed 20%. It should be noted that the obtained values of collisional excitation cross 
sections U&, are much larger than these in proton charge exchange uyo, with the energies 
and the target gases being the same (King and Latimer 1979). 

wiui  iiiuicabiirg ii L ~ L C  CLVSS ~ G L L I V I I  woo U G L I G ~ D G D .  n>ourtrrirg LIIOL t u n  u c u c d x  

follows the scaling law u&-n-",  n is found to be 3k1.2.  The large error in the 
determination of 01 is conditioned by the small range of n and by the considerable 
relative error in the measurement U:" for different n. However, a systematic error can 
be excluded if we compare the n distribution of the Rydberg atoms formed in collisions 
of neutral atoms and in proton charge exchange. To observe the Rydberg atoms formed 
by proton charge exchange on potassium the field in f ,  was decreased to 250 V cm-' 
( U, = 0). The highly excited atoms with n < 30 passed through the filtering capacitors 
and were ionized in the electric field of the cylinders. 

At low temperature of the charge exchange cell, when less than 40% of the ion 
beam was recharged, the ratio of  the flow of atoms with n = 24 to the total flow of 
recharged atoms 124/1 was independent of temperature and determined by the ratio 

n = 24 and L, uy0 is the total cross section of proton charge exchange. The value 
IZ4/1 = 2.8 x lo-' is in agreement with the results obtained by McFarland and Futch 
(1970). 

The dependences of the 'Rydberg' part of the signal (vanishing with an increase 
in U,) on the voltage of the ionizing cylinders in the case of proton charge exchange 
and in the case of collisional excitation of fast atoms were found to be identical. I f  
we assume that the scaling law ulo- n-' is fulfilled in proton charge exchange, we 
can get for collisional excitation, with allowance for our experimental errors, U& - n-OL, 
where n =3+-0.4. For a proton beam energy P 4  keV the fulfilment of the scaling law 
cryo- n -3  is confirmed experimentally by many authors (see the review by Koch 1983). 
But, as far as we know, in collisions of neutral particles this scaling rule has not been 
demonstrated before. 

,,.:&L : ---- ̂ ^:_^ .L^ ^_^^^ ^^^*:^^ _" A ^^_^^ ̂^^ A :..- .L^. rL:^ -I ̂ ^_^^  ̂ ^  

&/X" .la, wher. is th. crass sectinn of proton charge exchange to a state with 
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