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A technique is presented, together with results of an experimental determination of the cross 
sections uio(2s;2p),  for forming hydrogen atoms H ( 2 ~ ~ ~ ~ ; 2 p ~ ~ ~ , ~ ~ ~ )  by neutralizing H- ions with 
energies E = 1.15, 5.0, 6.9, and 10.4 MeV in gaseous He, Ar, Kr, Xe, Hz, 0 2 ,  and C 0 2  
targets. The cross sections were measured by recording the L a  radiation of H atoms with the 
help of a photomultiplier which operated in the single-photon regime and was placed 
directly in the collision chamber. Formulas have been obtained for calculating the desired cross 
sections from the experimental data. It is found that the uio(2s;2p)  cross sections for the 
various gaseous targets, as functions of the energy of the H- ions, behave in a way similar to the 
dependences uol(E) and uio(E)  so that their ratio remains approximately constant over the 
investigated energy range and equal to ~ i ~ ( 2 s ) / ~ i ~ ( 2 p )  = 2-2.7. The influence of various 
experimental factors on the results and the measurement error is analyzed. O 1995 
American Institute of Physics. 

1. INTRODUCTION 

A study of the processes of neutralization of fast H- ions 
in various media and the scattering of H', H', and H- par- 
ticles without change of their charge would provide a pow- 
erful basis both for the development of ground breaking 
theoretical concepts of the physics of ion-atom interactions 
and for the solution of a number of important applied prob- 
lems (such as, for example, energy transport by a particle 
beam over significant distances, the heating and diagnostics 
of plasmas in setups with controllable thermonuclear synthe- 
sis, etc.). Among the entirety of such processes, a central 
place must be given to the problem of forming hydrogen 
atoms in various excited states. Actually, excited hydrogen 
atoms have substantially larger electron-detachment collision 
cross sections and significantly shorter lifetimes with respect 
to electron detachment in an efficiently acting electric 

In addition to this, cascade transitions in the de- 
excitation of atoms make an atomic beam "visible" over a 
wide range of electromagnetic frequencies, which makes it 
possible, in particular, to realize contact-free control of the 
intensity and spatial-angular characteristics of the beam, etc. 

Quite a large number of experimental studies have been 
carried out on collisions which form hydrogen atoms in ex- 
cited states, among which we may mention only a 
associated with the use of H- ion beams and the determina- 
tion of the uio(nl)  cross sections by recording the photon 
flux arising as a result of the decay of the nl-states of the 
hydrogen atom. Like these efforts, the overwhelming major- 
ity of studies on primary H+ and HO particle beams have also 
examined the particle energy range E <  1 0 0  keV for inert- 
gas as well as N2 and 0, targets. Measurement data on cross 
sections of processes of the type 

are absent in the region of higher collision energies; here the 
symbol 2 means that the final state of the target particle M 

can belong either to the discrete spectrum or the continuum. 
This is a consequence of the fact that the desired cross sec- 
tions uio(nl)  fall off at higher energies accompanied by a 
correspondingly abrupt growth in the complexity of experi- 
mental setups intended to provide absolute measurements of 
the photon flux, taking Doppler broadening, relativistic shift, 
and polarization into account, and, in a number of cases, also 
"quantum beats" of the radiation intensity which arise due to 
interference of close-lying excited states of the hydrogen 
atom in the electric field. 

Theoretical calculations of total and doubly differential 
cross sections of processes of type (1) can be found in Refs. 
8-12, based on a very approximate description of colliding 
systems before and after the interaction. These calculations 
have been carried out only in a selective way in the region 
E 1.5  MeV for atomic hydrogen, inert gases, and n = 1 and 
2. Detailed, systematic calculations of the differential and 
total electron-detachment cross sections of collisions of the 
type (1) over a wide range of energies of the H- ions, for 
various targets and values of the quantum numbers n ,  I, are 
lacking. One of the main obstacles to the realization of such 
calculations consists in the problem of choosing the wave 
function of the free state of the electron lost by the H- ion. 

In this paper, which is a continuation of a series (Refs. 
13-15), we outline a technique and present results of mea- 
surements of absolute values of cross sections of formation 
of hydrogen atoms in the 2sll, and 2pl12,,12 states by neu- 
tralization of H- ions with energies E = 1.15, 5.0, 6.9, and 
10.4 MeV in rarefied gaseous He, Ar, Kr, Xe, Hz, 0 2 ,  and 
C 0 2  targets. 

2. EXPERIMENTAL SETUP. MEASUREMENT TECHNIQUE 

The technique we used to measure the ui0(2s;2p)  cross 
sections is based on recording the H-atom L a  radiation gen- 
erated in the course of the collisions (1) directly in the col- 
lision chamber and is in many ways similar to the technique 
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used in Refs. 7 and 16. The a io (2s )  cross sections are de- 
termined by increasing the intensity of the L ,  radiation by 
applying a constant electric field to the "beam-gas" interac- 
tion region, which leads to an abrupt shortening of the life- 
times of the hydrogen atoms in the metastable 2s1,, state. 
The main distinguishing feature of our technique consists in 
using a single-photon channel to record the Lyman-a radia- 
tion. The reason for doing this is that for the H--ion current 
levels (-lo-'' A) reached in our experiment while optimiz- 
ing the other parameters the L ,-photon flux impinging on the 
sensor area of the detector is roughly lOO/photons/s. 

The H- ions are accelerated in a classical U-120 cyclo- 
tron and after passing through the beam transport channel 
enter the collision chamber through the entrance opening, 
which has a diameter of 1.5 mm. That part of the experimen- 
tal setup intended for recording the L ,  radiation and measur- 
ing the H- current is depicted schematically in Fig. 1. The 
gas pressure in the collision chamber was determined with 
the help of an individually calibrated manometric converter 
(with a measurement error of 5-7%) and was varied over the 
range 2 .7 .10~~-1 .3  Pa depending on the sort of gas, the 
cross section of the process ( i0 )  for H- ions of given energy 
and other factors. Traversing a distance 1= 1 3 0  mm from the 
entrance collimator, the beam then passes between the plates 
of a capacitor in order to quench the metastable 2s  state of 
the hydrogen atoms and then after passing through a sheet of 
aluminum foil and a guard electrode it enters a Faraday cyl- 
inder. 

The radiation generated by the interaction of the beam 
particles with the target gas is detected with the help of a 
photomultiplier (a prototype unit, analogous to an FEU-142) 
with a combination box-louvre dipole system and CsI pho- 
tocathode. The photomultiplier is set up perpendicular to the 
beam axis and the electric field vector F of the quenching 
capacitor at a distance z = 400  mm from the entrance open- 
ing of the collision chamber. The photomultiplier is inserted 
into a compressed gas cylinder of stainless steel; the vacuum 
seal is effected by a rubber washer around the housing of the 
photomultiplier in such a way that the entrance window of 
the photomultiplier is located in the vacuum space of the 
collision chamber, and the base, in the atmosphere. The volt- 
age divider and the accelerator-electric pulse generator are 
located in the immediate vicinity of the base of the photo- 
multiplier. The accelerator-pulse generator works as an inte- 

FIG. 1. Diagram of experimental setup for re- 
cording L ,  radiation of fast hydrogen atoms: 
I-particle beam, 2-uenching capacitor, 
3-aluminum foil, 4-guard electrode, 
5-Faraday cylinder. 

grating amplitude discriminator, assigning the threshold level 
for cutoff of noise signals; the output pulses of the generator 
are recorded by a programmed counter. Together with an- 
other counter which receives signals from a "current- 
frequency" converter, which measures the charge brought in 
by the ions into the Faraday cylinder, the single-photon re- 
cording channel forms a synchronously controllable system, 
the number of induced photons recorded in which corre- 
sponds to a given number of ions arriving in the collision 
chamber. 

Figure 2 shows the relative spectral sensitivity S ,  for the 
given photomultiplier unit. The shortwave limit X--110 nm 
of the sensitivity region of the photomultiplier is determined 
by the transparency zone of the MgF, crystal serving as the 
entrance window of the photomultiplier. Since the amplitude 
distribution of the pulses arriving at the photomultiplier un- 
der the action of monoenergetic radiation from its sensitivity 
region is exponential in character, the value of the threshold 
level of the discriminator is chosen as low as possible above 
the level of the internal noise of the optical channel, but so as 
to provide the highest possible signal-to-noise ratio. In sum, 
the working parameters of the optical channel were main- 
tained at values for which the frequency of arrival of the 
noise pulses did not exceed 0.1 pulsels and the signal-to- 
noise ratio was not worse than 10-15. For the same param- 

S, , rel. units 

FIG. 2. Relative spectral sensitivity of the photomultiplier. 
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Sensitive surface 

FIG. 3. Geometrical diagram of the setup for recording L ,  radiation. 

eters the quantum efficiency of recording in the optical chan- 
nel of the L a  line stood at 7=6.65%. 

Preliminary measurements, performed without passing 
the primary H- ion beam into the collision chamber (the 
beam was held back entirely by a diaphragm placed over the 
entrance window), revealed the presence of background sig- 
nals from the photomultiplier produced by the interaction of 
the penetrating secondary radiation with the structural ele- 
ments of the photomultiplier and the setup. The intensity of 
the background signals grows rapidly with increase of the 
energy, and for E = 10.4 MeV is comparable to the intensity 
of the useful events. To eliminate these background signals, 
protective lead blocks were placed in the region of the en- 
trance collimator and around the entrance window of the 
photomultiplier (see Fig. 1). This measure allowed us to al- 
most completely eliminate these background signals. 

Now let us find the ratio between N,, the number of 
photons recorded by the photomultiplier per unit time, and 
the linear flux density dNh,ldz of the generated radiation. 
Let p(x,y,z) be the volume density of the radiation at the 
point (x,y ,z), and e(x,y ,z;a,b) be the efficiency of record- 
ing of the radiation at the point (x,y,z) by the surface ele- 
ment d S  of the sensitive zone of the detector at the point 
(a,b) on its surface (see Fig. 3). The vector joining the in- 
dicated points is denoted as r. Then, the photon flux recorded 
by the surface element d S  of the detector coming from the 
elementary volume dV= dxdydz is equal to 

where d R  is the solid angle within which the surface ele- 
ment d S  of the detector is "seen" from the point (x,y,z); 

A (8,  p )  = I (8 ,  qJ)li is the coefficient of anisotropy of the ra- 
diation, which is defined in terms of the intensity I (8 ,p )  of 
the radiation flux per unit solid angle in the direction r, de- 
fined by the polar angle 8 and azimuthal angle p; 

is the average radiation intensity; I,= pdV is the total radia- 
tion intensity (flux, in units of photons/second). Note that Eq. 
(3) gives us the normalization condition for the anisotropy 

Generally speaking, radiation produced by the interac- 
tion of the particle beam with the target or by the de- 
excitation of an atomic system in the presence of an external 
field is polarized and has an anisotropic angular distribution. 
The direction of motion of the particles or the electric field 
vector define the physical axis with respect to which the 
angle 8 is reckoned. It can be assumed17 that the emerging 
dipole radiation is generated by three electric dipoles, one of 
which lies along the physical axis; the other two have the 
same moment (in magnitude) and are perpendicular to each 
other and the first dipole. Utilizing the fact that the intensity 
of the dipole radiation in directions making an angle x with 
the dipole axis is proportional to  in^^, it is easy to obtain the 
expressions 

where P(8 )  = (III  - 1,)/(111 + I,) is the polarization coeffi- 
cient of the radiation observed at the angle 8 to the physical 
axis. Here II1(8) is the intensity of the radiation radiated at 
the angle 8 with electric field vector lying in the plane de- 
fined by the radiation wave vector and the physical axis, and 
I,(8) is the intensity of the radiation with electric field vec- 
tor perpendicular to the indicated plane. Since the momenta 
of the two last dipoles are equal, none of the quantities en- 
tering into expressions (5) and (6) depend on the azimuthal 
angle p. For the "magic" angles 8, = 54.7"  and 125.3" the 
dependence of the intensity (5) on the degree of polarization 
vanishes, so that 1(8,)=Io/4rr=i as in the absence of po- 
larization, when P = 0 .  

For the analysis that is to follow we introduce character- 
istic dimensions of the sensor zone in our set-up (see Fig. 3). 
The sensitive region (photocathode) of the photomultiplier is 
located a distance L = 3 8 .5  mm from the beam axis and has 
an effective diameter of 7.0 mm. The clipping slit K is rec- 
tangular in shape, with length h = 4 1 .0  mm along the beam 
and width 10 mm, and is located a distance p = 15.0  mm 
from the beam axis. The relatively small transverse dimen- 
sions of the beam and photocathode in comparison with the 
distance L ,  together with the fact that the efficiency E of the 
given photomultiplier when recording the photons arriving 
from region I of the beam (Fig. 3) does not depend on the 
angle of incidence of the radiation or the coordinates (a,b) 
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of the photocathode, allow a significant simplification in the 
calculations which are to follow. It should also be borne in 
mind that the efficiency of recording monoenergetic radia- 
tion can vary depending on the spectral characteristic of the 
detector (Fig. 2) as a consequence of variations in the wave- 
length A of the radiation due to the Doppler and relativistic 
effects18: 

1 - pcos cp 
A = A o  J i q P  ' 

where cp is the angle between the direction of motion of the 
photon and the velocity vector v of the particle that emitted 
it; A. is the wavelength of the photon emitted by the atom at 
rest; p=v/c ;  and c is the speed of light. Thus, the wave- 
length Ao=121.6 nm of the La radiation from the interaction 
region I (Fig. 3) even for H- ions with maximal energy 
E =  10.4 MeV varies only within the limits of 111.5 nm to 
134.1 nm, which gives us the right to set 
e(x,y,z;a,b)= ~(Ao)=const. 

Taking into consideration all of the above, we can write 

ssin3 a L d a  
dR=- 

L 
, dz=- 

sin2 a ' 

where S is the area of the photocathode, a is the angle be- 
tween the beam axis z and the look direction r, and 
pdxdy =dNh,,/dz is the linear photon flux density for the 
entire cross section of the beam. In the absence of an electric 
field a=O, and in the presence of an electric field a and 0, 
generally speaking, do not coincide. Substituting these dif- 
ferentials and also expression (5) into formula (2), it is easy 
to show that under the given experimental conditions, both in 
the presence of an external field and without, allowing for 
the polarization of the radiation can lead to variations in the 
recorded photon flux of less than 20%, which is roughly two 
times less than the statistical error of the measurements. On 
this basis, and also for the reason that we did not measure the 
polarization coefficient of the radiation in the present work, 
we will take the angular distribution of the L a  radiation to be 
isotropic, i.e., we will set P = 0 and A(0) = 1. In addition, 
the total contribution of the radiating regions I1 and 111 for 
the chosen experimental geometry to the total number N, of 
recorded signals does not exceed 5% and can be completely 
ignored. Finally, the quantity dNh,(z)/dz depends weakly 
(practically linearly) on z in region I and can be taken to be 
constant in the integral (2) over dz (or, what is the same 
thing, over do), so we set it equal to the linear radiation 
density at the intersection point of the beam and photomul- 
tiplier axes: 

where 

h-s 
2z,=h+- 

L - ~  

is the length of the radiating region I (Fig. 3). Under the 
conditions of our experiment 
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FIG. 4. Lifetime of hydrogen atoms in the 2sl,, and 2 p l , ,  states in an 
electric field F. The second horizontal axis gives the magnetic induction 
field B that induces an electric field F = v B  for hydrogen atoms moving 
perpendicular to it with energy E = 10 MeV. 

The assumptions made in the derivation of relation (8) 
are such that changes resulting from them in the exact rela- 
tion between N ,  and dNh,/dz tend to cancel each other out 
and do not add up to any noticeable systematic error. 

The electric field, which breaks the metastable 
2sl12-state of H atoms, was created by the current given to 
the capacitor plates. 

The capacitor plates were positioned symmetrically 
about the beam axis (Fig. 1) and consisted of copper sheets 
0.5 mm in thickness, 30 mm wide, and 520 mm long, pol- 
ished and rigidly mounted in place 9.6 mm apart. 

In the absence of an external field the metastable state of 
the hydrogen atom has a lifetime ~ ( 2 s )  = 0.12 15 s (Ref. 19) 
and decays with the emission of two correlated photons. In a 
weak electric field F <  1 kV/cm Stark mixing of the 2sIl2 
and 2p,12 states takes place, which leads to an abrupt de- 
crease in the lifetime ~ ~ ( 2 s )  of the metastable atoms and 
some increase in the lifetime of the 2 p  state, rF(2p). In the 
literature it is customary to denote the state of the hydrogen 
atom in an electric field by the same quantum numbers as in 
the absence of a field. We will follow that practice here. The 
rigorous quantum-mechanical theory of the calculation of the 
lifetimes of hydrogen atoms with n = 2 in weak electric fields 
was constructed by Bethe and ~ a l ~ e t e r . ~ ~ ~ ~ ~  Results of calcu- 
lations carried out within the framework of this theory are 
shown in Fig. 4. 
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We determined the uio(2s) cross section for two values 
of the electric field strength: for the ion energy E = 1.15 
MeV, F =  150 V/cm (the corresponding lifetimes are 
~ ~ ( 2 s )  = 20.5 ns and rF(2pIl2) = 1.73 ns), and for all other 
ion energies, F = 600 V/cm (in this case ~ ~ ( 2 s )  = 5.04 ns 
and rF(2plI2)=2.33 ns). It was necessary to decrease the 
field strength to 150 V/cm for E = 1.15 MeV to keep the 
charged particles deflected from the z axis in the quenching 
field from being deflected outside the aperture of the guard 
electrode (Fig. 1) of the Faraday cylinder. 

Electrons and ions formed in the target gas under the 
action of the impinging particles are accelerated by the field 
of the quenching capacitor and, bombarding the surface of its 
plates, are capable of generating radiation in the range of 
spectral sensitivity of the photomultiplier. Experimental con- 
firmation in a proton beam with varying energy E at high 
target densities, when uit2=l, where ai is the ionization 
cross section of the comparing the cases of fields in the 
range F = 500-800 V/cm with no field, has shown that the 
contribution of this and similar processes to the total number 
N, of recorded photons is negligibly small. 

In the course of the measurements of uio(p) the plates 
of the quenching capacitor were shorted out with each other 
and the housing of the ion pipe to eliminate induced and 
residual electric fields. However, any particle moving with 
velocity v in a magnetic field with induction B is acted upon 
by the so-called induction field,21 whose intensity, obviously, 
is given by the vector product F=[vB]. Therefore for the 
hydrogen atom energies obtaining in our experiment even 
moderate magnetic fields (not more than 5-7 times the 
Earth's field) create significant induced electric fields, effi- 
ciently quenching the metastable state of the hydrogen atoms 
(Fig. 4) and introducing an uncontrollable error in the photon 
number N,(2p). In order to eliminate this effect, the colli- 
sion chamber was protected by a multilayer magnetostatic 
screen. 

As we will see below [see formula (12)], to determine 
the cross section uio(2s;2p) it is necessary to establish a 
correspondence between the number of recorded L ,  photons 
and the number Ni(0) of H- ions that have entered the 
collision chamber. The quantity Ni(0) is measured with the 
help of the Faraday cylinder (Fig. 1). As a result of the in- 
teraction of the H- ions and the gas in the collision chamber, 
the particle beam propagating along the ion pipe, in the re- 
gion of the Faraday cylinder, consists of a mixture of fast 
H-, H', and HO particles, and also electrons and slow ions, 
i.e., target fragments. To measure Ni(0) it is necessary to 
separate out from such a beam only the flux of high-energy 
hydrogen particles. Toward this end, a sheet of aluminum foil 
of thickness 4 mm was placed in the path, this thickness 
being much less than the mean free path of protons with 
energies greater than 1 MeV in aluminum, to hold back the 
flux of slow ions and electrons and convert any hydrogen 
particles into protons. Behind the aluminum foil the proton 
beam, whose number is equal to Ni(O), is accompanied by a 
flux of for the most part low-energy convoy electrons. 

To eliminate errors in determining Ni(0) associated with 
the presence of the convoy electrons and the reverse flux of 
secondary electrons emitted by the Faraday cylinder, a guard 

electrode was placed between the aluminum foil and the Far- 
aday cylinder, with diameter of the opening for the beam 
equal to 6 mm and to which was applied a negative voltage 
U with respect to the grounded foil and Faraday cylinder 
(through an ammeter). To lower the potential on the ground 
electrode the current from the Faraday cylinder due to the 
proton beam was varied from its starting value at U=O to 
some limiting value, which was reached for U= -300- 
400V and from there on remains practically constant. All 
remaining measurements were made at U= - 450 V. The 
current (charge) delivered by the protons to the Faraday cage 
was measured by an integrating current-frequency converter 
(the same as a charge-pulse number converter) with an error 
of 210%. The total leakage currents of the measuring chan- 
nel did not exceed 5.  A, which is two orders of magni- 
tude lower than the H- ion current. 

3. CALCULATION OF THE uio(2S) and a;,(2p) CROSS 
SECTIONS FROM THE EXPERIMENTAL DATA 

In general, the equation for the particle distribution in 
the beam as a function of the species of which it is composed 
and their electronic states, both in the gaseous target and 
outside it, should contain a term reflecting collision pro- 
cesses with and without change of the charge of the particles, 
a term taking into account changes in the populations of the 
electronic states of the particles due to spontaneous transi- 
tions, and a term that describes the various auto-ionization 
processes: 

x (v- p)]dz+ x [@lp)dPi(p- v) 
I* 

where @jV)(z) is the fraction of particles in the beam with 
charge i and electronic state v as a function of the spatial 
coordinate z; n(z) is the target density as a function of z; 
ui j (v-p)  is the cross section of the collision process in 
which the charge of the particle changes from i to j, and the 
electronic state, from v to p ;  dPi(v- p )  =dz/v r(v- p )  is 
the probability of spontaneous transition of a particle with 
charge i from the state v to the state p with lifetime dv-p) 
within the length segment dz for particle speed v ;  and 
dPi , i+l(v-p)  is the probability of the auto-ionization pro- 
cess along the segment dz in which the particle charge is 
increased by one and the electronic state changes from v to 
p .  In Eq. (9) it is possible to take into account also more 
complicated auto-ionization processes, and also other forms 
of interaction (e.g., excitation or ionization of the beam par- 
ticles by protons). 

It is clear that p = v  in Eq. (9) only when j =  i and 
dPi(v-p)=O if p is a higher-energy state than v, and sum- 
ming over such p turns out to be only a formality. From here 
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on in the denotation of the ground state of the electronic 
structure of the particles we will drop the symbol v  where it 
does not lead to misunderstanding. Expression (9)  is of a 
general nature and in individual cases reduces to the relations 
proposed in Refs. 23-25. 

System of equations (9)  turns out to be infinite since the 
number of possible terms is infinite even for the simplest 
atom, hydrogen. But it substantially simplifies if we take 
account only of the dominant processes. Since the formation 
of H -  ions in auto-ionization states can be completely ne- 
glected, the third term in Eq. (9)  falls out of consideration. 
Then, in calculating the cross sections of processes ( I ) ,  we 
eliminate in the first approximation those terms in Eq. (9)  
that reflect the role of cascade transitions from states with 
n a 3 ,  and also those that reflect the role of excitation pro- 
cesses H(l s )  + M h H ( 2 s ;  2 p )  +M(Z) and all other similar 
interactions H(n1) +M-+H(n '1 ') + M(Z), which is valid for 
small target thicknesses. Then, solving Eqs. (9)  for the frac- 
tion of H(2p) atoms formed in the beam in process (1)  in a 
target with constant density n ( z )  =const in the absence of a 
field. we find 

where uz = u i o  + a i l .  
Generally, the u o 1 ( 2 p )  electron loss cross sections from 

an excited 2p  state of the hydrogen atom are unknown, and 
therefore experiments are typically carried out at small 
enough values of the density n that the inequality 
nu r ( 2 p )  ax G 1  will be fulfilled (note that uz = u o l ( 2 p ) )  
and the corresponding expressions in Eq. (10) containing uz 
and u o , ( 2 p )  can be dropped. 

Since the spontaneous transition of some arbitrary par- 
ticle from an excited state v  to the state p, accompanied by 
the appearance of a photon with energy h v =  E, -  E ,  takes 
place according to an exponential law and is characterized by 
a lifetime ~ ( v - p ) ,  it is easy to show that the linear flux 
density of the corresponding photons emitted by given par- 
ticles moving in the beam with one and the same velocity v 
is given by the expression 

where N is the total flux of particles in the beam (with dif- 
ferent charges i and in different states v). The quantities N,  
and dNhJdz  are functions of time, varying in synchrony 
with the total flux N of the particles of the beam. Integrating 
Eqs. (8)  and (11) over the time during which the measure- 
ments are made and not changing the notation, we can say 
that if N particles of the beam interact with the gas target, the 
detector will record N ,  photons. 

Within the framework of the above assumptions the lin- 
ear flux density of L ,  radiation formed in the decay of the 
2p  states of the hydrogen atom, which in turn are produced 
by process ( I ) ,  is equal to 

where 

D ( z )  = exp( - uBnz)  - exp - - I vr;2P)l 

Under these assumptions, but allowing for cascade processes 
(so that requirements of the form nu r(n 1 - 2 p )  ax 1  must 
be added), it is possible to ascribe the form (12) to the ex- 
pression for the linear flux density of the Lyman-a photons 
with this one difference that the cross section u i o ( 2 p )  ap- 
pearing as a factor in this expression will be replaced by the 
following sum: 

where a ,  P, etc., are weighting coefficients which reflect the 
contribution to the L ,  intensity due to cascade processes to 
the 2p  level, respectively, from the 3 s ,  3d states, etc. The 
analytic form of the coefficients a and P is determined by 
which cascade processes are included in the calculation when 
solving system of equations (9) .  The cross sections uio(n l )  
decay rapidly with growth of the principal quantum number 
n (for n a 3 ,  roughly as n P 3 ,  Refs. 6,  26), for which reason it 
is expedient to take into account only transitions from the 
level n = 3 .  Thus, the coefficients a and P are calculated 
using expressions of the same form: 

where l = s  for the coefficient (Y and l = d  for /3, and the 
condition of applicability of formula (14) is 
n v r ( 3 1 - 2 p ) u x 4 1 .  

Such expressions can be obtained for the decay of the 2s 
states of fast hydrogen atoms that appear as products of re- 
action (1 )  in an electric field. In particular, formula (12) is 
valid if we replace the cross section uLa(2p)  and lifetime 
r ( 2 p ) ,  respectively, by uLa(2s )  and ~ ~ ( 2 s ) .  

Thus, expressions (8)  and (12) allow us to obtain the 
values of the cross sections uLa(2s ;2p)  from the measured 
values N ,  and Ni(O), which, as can be seen from Eq. (13), 
are not exactly the desired cross sections u i o ( 2 s ; 2 p )  but 
rather contain some positive added term due to the cascade 
processes, i.e., the cross sections uLa(2s ;2p)  give an upper 
bound on u i o ( 2 s ; 2 p ) .  

If as electric field is turned on (with field strength F), the 
linear flux density of the L a  radiation at the observation 
point z  consists of a sum of linear flux densities which char- 
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acterize the L ,  transitions (2p - 1s) and (2s - 1s) in the 
hydrogen atoms formed in the 2p  and 2s states by neutral- 
ization (1) of H- ions: 

In turn, these terms are determined from the cross sec- 
tions of formation and interaction with the target and from 
the lifetimes of the hydrogen atoms in the corresponding 
excited state both in the interval [I] between the entrance 
window of the collision chamber and the quenching capaci- 
tor, i.e., outside the field F, and in the interval [z- I], where 
the electric field is acting (Fig. I), and are given by expres- 
sions of the form 

where (21) = (2p) or (2s). Since under the conditions of our 
experiment the distance 1 and the values of the density n of 
the target gas are quite small, in analogy with the derivation 
of Eqs. (12)-(14) we obtain the following expressions for 
the linear flux densities entering into Eq. (16): 

2-1 
exp -- [ vrF(2P)] 

dNL2.) nl 
, l l=Ni(o)~La(2s)- v ~ ~ ( 2 s )  exp [ -- v :F;:s )I 

(18) 

X exp[- upn(z- 1)] I 
where rF(2p) is the effective lifetime of the 2p,12,312 states 
of the hydrogen atom in an electric field with field strength 
F. It is necessary to bear in mind that the cross sections 
eL (2s;2p) found from Eqs. (17) and (18) differ somewhat 
from the same cross sections obtained from Eqs. (19) and 
(20) since the contribution to uLa(2s;2p) from the cascade 
processes is different in an electric field. 

FIG. 5. Dependence of the number of recorded photons N, on the pressure 
P of target gases Ar, Kr, and 0, bombarded by H+ and H- ions with energy 
E=1.15 MeV. 

The method for calculating the cross sections uLa(2s) 
consists in the following. The quantity wLa(2p), calculated 
with the help of formulas (8) and (12) from the measure- 
ments in the absence of a field, together with other experi- 
mental parameters, is substituted in expressions (17) and 
(19), and the latter are then substituted into relation (16) in 
order to find the flux density dNP) ldz .  Due to the discov- 

ered value of this density, Equation (15), and the observed in 
the electric field value, dNLaldz, we will find the value 
d ~ ~ l d z .  Turning now to expressions (18) and (20) and the 

sum (16) written for the function dNfS)ldz, we determine 
a 

the cross section uLa(2s). 
Note that for E = 10.4 MeV the increase in the cross 

sections uLa(2s) associated with taking account of the 
change in the lifetimes of the 2p,12,3,2 states in an electric 
field does not exceed 2%. At lower collision energies such an 
increase is still smaller and can be completely neglected, i.e., 
we can set rF(2p) = ~ ( 2 p ) .  

4. MEASUREMENT RESULTS 

In the measurement of the cross sections aLa(2s;2p) it 
was important to make sure that the radiation recorded by the 
photomultiplier was due to the interaction of the H- ions 
with the gas target and not to any secondary processes (such 
as H'+M; H' +M; e -  +M, etc.). Toward this end, we care- 
fully examined the dependence of the intensity of the de- 
tected radiation on the gas pressure in the collision chamber. 
We found out that secondary processes can make a substan- 
tial contribution to the number of recorded photons at large 
values of the gas density n (equivalently, pressure P). As a 
result, the function N,(P) remains linear where, according to 
Eqs. (8) and (12), it should show a noticeable change in 
slope (see Fig. 5), and the calculated cross sections 
cLa(2p) grow systematically with increase of the gas den- 
sity n. This circumstance was taken into account in the cal- 
culation of eLa(2p) and UL (2s): the calculations were car- 

a 
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FIG. 6.  Dependence of the number of recorded photons N ,  on the electric 
field strength F created by the quenching capacitor for H- ions with energy 
E = 1 0 . 4  MeV and the following target gases: I) He (for density 
n = 4 . 6 5 . 1 0 ' ~  ~ m - ~ ) ,  2) Hz (n=6.63 .1013  ~ r n - ~ ) ,  3 ) A r  (n=9.44 .1013  
~ m - ~ ) .  

ried out for gas densities such that at the moment the beam 
passed through the region from which the L a  radiation origi- 
nated it was possible to interact 10-15% of the primary H- 
ions with the target, i.e., under conditions under which the 
role of secondary processes was insignificant. 

The influence that the radiation of the atoms or mol- 
ecules of the target have on the magnitude of the 
uio(2s;2p) cross sections can be estimated by recording the 
radiation excited in the gas by a beam of protons of the same 
intensity and energy as those of the H- ion beam. Since 
protons with energies E 2  1 MeV possess relatively small 
electron-capture cross  section^,'^^' all of the emerging radia- 
tion is the result of de-excitation of the target particles. Such 
measurements of N,(M), the number of recorded photons 
generated by the target gas, were carried out for the proton 
energies E = 1.15, 5.0, and 10.4 MeV. At the same gas pres- 

TABLE I. Cross sections of hydrogen atom production in the 2 p  and 2s 
states by neutralization of H- ions with energy E = 1.15 MeV in various gas 
targets (a=0.147, P=0.804). The cross sections are given in units of lo-'' 
cm2, the gas density in units of 1013 

TABLE 11. Cross sections of hydrogen atom production in the 2 p  and 2s 
states by neutralization of H- ions with energy E = 5 . 0  MeV in various gas 
targets (a=0.069, P=0.516). The cross sections are given in units of lo-'' 
cm2, the gas density in units of 1013 ~ m - ~ .  

Gas n N,(M) N , ( ~ P )  Nr(2s ;2p)  U L * ( ~ P )  ~ ~ ~ ( 2 s )  

sure He and Ar atoms and 0, and C02 molecules are excited 
the most weakly; the intensity of the radiation increases from 
there on the in order Kr, Hz, Xe (Fig. 5 and Tables I-IV). 
For the last three gases the intensity of the radiation induced 
by the H- ions exceeds the corresponding intensity in the 
case of a proton beam by a factor of only 3-5. For He, Ar, 
O2 and CO, these intensities differ by a factor of 10-50; the 
greatest difference is observed for Ar. 

However, the main part of the radiation recorded during 
the collisions of H- ions with Kr and Xe targets consists 
most likely to L a  photons. In Ref. 28 it was shown that with 
increase of the atomic number of the target the fraction of 
collisions in which neutralization of H- ions takes place with 
simultaneous excitation of the target atoms decrease without 
deviation and, for example, in the case of Xe is determined 
by a cross section making up =8% of the total cross section 
uio. 

Thus, the cross sections uLa(2s;2p) turn out somewhat 
overestimate the cross sections aio(2s;2p) not only because 
of cascade processes, but also as a consequence of target 
radiation in the spectral sensitivity range of the photomulti- 
plier. 

Figure 6 illustrates the dependence of the number of re- 
corded photons on the electric field strength. In fields with 
F a 5 0 0  V/cm the linear flux density of the radiation 
dNL (z)/dz [or, what is the same thing, N,(F) for given 
Ni(O)], reaches saturation as a function of F since with fur- 
ther increase of F the lifetime ~ ~ ( 2 s )  of the hydrogen atoms 
does not vary so significantly (Fig. 4) and the exponential 
exp[ - ( z  - l ) / v  rF(2s)] in expressions (18) and (20) be- 
comes small in comparison with exp[ - 08n(z - l ) ]  , and 

TABLE 111. Cross sections of hydrogen atom production in the 2 p  and 2s 
states by neutralization of H- ions with energy E = 6 .9  MeV in various gas 
targets (a=0.057, P=0.452). The cross sections are given in units of 10-l8 
cm2, the gas density in units of 1013 ~ r n - ~ .  

Gas n Nr(M) N , ( ~ P )  Nr(2s;2p) uLa(2P) o i p )  

He 54.5 . . . 234 675 0.368 0.744 
Ar 8.05 ... 388 1152 4.94 10.4 
Kr 3.96 ... 488 1266 8.86 19.3 
Xe 4.74 ... 1032 2119 15.7 27.2 
Hz 2.27 ... 170 307 5.44 4.70 
0, 15.3 . . . 707 1756 3.32 8.98 
C02 12.3 . . . 752 1731 4.40 10.5 
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TABLE IV. Cross sections of hydrogen atom production in the 2p  and 2s 
states by neutralization of H- ions with energy E = 10.4 MeV in various gas 
targets (a=0.045, P=0.376). The cross sections are given in units of 10-l8 
cm2, the gas density in units of 10" ~ m - ~ .  

Gas n N , ( M )  N , ( ~ P )  Nr(2s ;2p)  a L m ( 2 p )  ~ ~ ~ ( 2 s )  

even abrupt changes in it do not have a substantial effect on 
dNL ldz. Values of the cross sections uLa(2s;2p), calcu- 

(I 

lated according to formulas (8), (12), (15)-(20), are dis- 
played in Tables I-IV. Values of the photon numbers N,(2p) 
for F = 0 and Nr(2s;2p) in a field F> 0 for an H- ion beam 
and Nr(M) for a proton beam for the same target density n 
and Ni(0) = N1 = 2.06 . l o9  particles are also given in 
the tables. To give a picture of the influence of cascade pro- 
cesses on the magnitude of the cross sections uLa(2p), the 
values of the coefficients a and p calculated according to 
formula (14) for the case n+O are given in the explanatory 
captions to the tables (for the values of n used in the experi- 
ment the condition nu ~ ( 3 1 -  2p)aZ< 1,  necessary to apply 
formulas (14), is not as a rule fulfilled). The values of the 
lifetimes ~ ( 2 p )  and ~ ( 3 1 -  2p) used in the calculations were 
taken from a handbook.19 

The mean statistical error in the measurement of 
uLa(2s;2p) was ?35% whereas the absolute values of the 
uL,(2s;2p) cross sections, which are associated with errors 
in the determination of the absolute value of the sensitivity 
of the photocathode of the photomultiplier, the effective solid 
angle of reception, etc., are given with a resultant error of 
+70%. 

5. CONCLUSION 

1. The cross sections aLa(2s;2p) for He within the lim- 
its of statistical error of the measurements depend on the 
energy of the H- ions according to the law E-', which 
agrees with theoretical As one goes to heavier 
atomic gases or molecular gases composed of the atoms of 
heavier chemical elements, the dependence of uLa(2s;2p) 
on the energy weakens and begins to behave in a manner 
analogous to the functions ao,(E) and uio(E) (see Refs. 14, 
15, and 27). 

2. The absolute values of the cross sections 
uLa(2s;2p) grow with increase of the atomic number of the 
target. The character of this variation is similar to the depen- 
dence of on the type of 

3. According to the above two points, the ratios 
aLa(2s or 2p) /a io ,  as functions of the H- ion energy, re- 
main approximately constant for all types of targets and 
equal to ~ ~ ~ ( 2 p ) l ~ i ~ = 4 - 7 %  and ~ ~ ~ ( 2 s ) l ~ i ~  
= 9-19%. In the case of a target of molecular hydrogen 

these ratios grow abruptly, which, most probably is due to 
recording additional radiation from the target particles. 

4. The uLa(2s) cross sections exceed the uLa(2p) cross 
sections by a factor of 2-2.7 for interaction of H- ions with 
energies E = 1 - 1 1 MeV with any of the investigated targets. 
In the low-energy region E=5-40 keV the ratio between 
the cross sections turns over: uio(2p) > aio(2s)  (Ref. 7). 

5. A number of difficulties associated with the measure- 
ment of the vio(2s) cross sections inside the collision cham- 
ber can be eliminated by placing the quenching capacitor and 
the apparatus for recording the L ,  radiation outside the col- 
lision chamber. Errors in the determination of uio(2s) due to 
target radiation and L ,  radiation from H(2p) atoms then 
disappear and the possibility arises of taking more accurate 
account of cascade transitions and polarization of the radia- 
tion. However, the intensity of the L ,  radiation of the H(2s) 
atoms moving along the z axis in the field of the capacitor 
will be a periodically varying function of z (the effect of 
"quantum beats," Refs. 15, 30), which must be taken into 
consideration in the development of the measuring tech- 
nique. 

The authors express their deep gratitude to A. L. 
Shalyapin and A. A. Lukichev for carrying out a number of 
tasks in the construction of the optical channel and for deter- 
mining the quantum efficiency of recording of the Lyman-cu 
radiation of the hydrogen atoms, and also to B. V. Shul'gin 
for his interest and support of this work. 
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