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The processes by which the hydrogen particles H+, H', H- interact with gaseous targets, 
including electron losses but excluding changes in the charged state, have been 
investigated in the energy range E=0.1-20 MeV. The experimental apparatus, technique, and 
results of measuring the cross sections uol, q o ,  q,, are described, together with the 
efficiency for neutralization of H- ions in He, Ar, Kr, Xe, HL, 0 2 ,  C02, C2H2 (for E= 1.67 
and 5.0 MeV), and also in a target of potassium vapor (E=5.14 MeV). The cross 
sections and characteristic scattering angles for hydrogen particles with no change in the 
charged state and with electron losses by the H- ions in a target made of atomic hydrogen have 
been calculated in the Born approximation omitting exchange processes. The same 
approach has been used to find formulas for the differential scattering cross sections from a 
Thomas-Fermi potential and a dipole potential. The concept of the instantaneous 
dipole moment of an electron shell in a target atom is used to derive an approximation that 
permits calculations of the characteristic angles and cross sections to be carried out for 
the (70) + (71 ), (OO), (Ti), ( 1 1 ) processes with targets of atomic hydrogen, alkaline metals, 
and alkaline-halide molecules. 

1. INTRODUCTION 

Electron loss processes involving negative ions and at- 
oms of hydrogen, as well as processes in which these par- 
ticle and protons are scattered without any change in the 
charge in various targets, have a fundamental theoretical 
significance and are important for many applied problems. 
These include heating and diagnostics of thermonuclear 
plasmas, construction of tandem accelerators, mesons fac- 
tories, etc. The fundamental practical problem of experi- 
mental and theoretical investigations of these processes 
consists in studying the conditions under which hydrogen 
atoms or protons form most efficiently, such that the re- 
sulting particle beam has the smallest possible angular di- 
vergence and emittance (in most cases we are concerned 
with finding a compromise between these last two condi- 
tions). The problem is considered to be solved, first, by 
determining the differential and total cross sections for loss 
(capture) of electrons, the efficiency with which H- ions 
are neutralized, and also the angular distributions and typ- 
ical scattering angles for particles in the processes (TO), 
( i l ) ,  (01); in the next stage it is necessary to study the 
cross sections and angular properties of the (Ti), (OO), 
( 1 1 ) particle scattering processes in which there is no 
change in charge and (70) collisions in which hydrogen 
atoms are formed in an excited state (in particular, in the 
2slI2- metastable state and in long-lived and Rydberg 
states). The formation of ~ ' ( n l )  ions in an excited state 
turns out in a number of cases to exert a significant (usu- 
ally negative) influence on their transport and makes the 
beam "visible," something that needs to be either sup- 
pressed (say, in order to prepare the initial beam in 
~ ' ( 1 s )  +M+H-, ~ ' ( n l ) ,  H+ +... experiments), or ex- 
ploited (e.g., to determine the qo(n l )  cross section in or- 
der to monitor a particle beam, etc.) . 

The aim of the present article is to study processes in 
which H-, ~ ' ( l s ) ,  H+ hydrogen particles with energy 
E=0.1-20 MeV are scattered, accompanied by loss of elec- 
trons but with no change in the charge of the gaseous 
medium. 

A considerable number of papers have been devoted to 
electron loss processes. These are noted in the monograph 
of ~ a s s e ~ , '  several reviewsYz4 and a number of individual 
papers, among which we note Refs. 5-1 1. Most experimen- 
tal work has been performed with incident particles of en- 
ergy E < 200 keV and various targets. Experimental data 
are available for higher energies primarily in light inert 
(He, Ar) and simple molecular (H2, N2, 0 2 ,  C02)  gases. 
There are no systematic measurements for other gases or 
for vapor targets (such as, e.g., alkaline metal vapors or 
alkalinehalide compounds). 

Theoretical analysis and calculations of the electron 
loss cross sections due to negative ions and atoms of hy- 
drogen have been carried out over the entire range of col- 
lision energies of practical importance for targets of H, Hz, 
N, N2, 0, O2 and inert gases. The calculations are most 
complete for E > 100 keV, since here the powerful tool of 
the Born approximation is used in one modification or an- 
other. But again, there are no theoretical results for more 
complicated targets. Comparison of the theoretical and ex- 
perimental cross sections q, reveals that they agree well 
for light targets, but the theoretical values are 2-3 times 
larger for Kr and Xe. In this connection it is appropriate to 
note the success of calculations in the semiclassical model 
of free c~llisions'~ for Kr, Xe targets, and Ref. 8 in which 
the three-particle Born approximation is used to find the 
differential cross section for the (TO) process in inert gases. 

Calculations of the partial cross sections for ( 11 ) and 
(00) processes in H and He targets were carried out in 
early papers on the physics of ion-atom collisions, which 
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FIG. 1. View of the experimental apparatus with 
a vapor target: I)  collimated ion beam; 2) colli- 
sion chamber; 3) electrical deflectors for control- 
ling the beam; 4) vapor target; 5) magnet system; 
6 )  particle detection module. 

have since become classics. We therefore point out only 
Refs. 9 and 11-13, in which the cross sections were 
summed over all possible final states of the target particle, 
including the continuum, more complicated target atoms 
were used, and the (17) process was also studied. Only two 
experimental treatments are available in the high-energy 
region.11,14 References 8, 9, and 11 are devoted to the the- 
oretical determination of the angular behavior of (Ti), 
(OO), and (70) processes. D'yachkov et a1. l5 measured the 
characteristic scattering angles for the neutralization of 
H- ions. 

Thus, the electron loss cross sections due to fast hy- 
drogen particles have been studied reasonably completely 
only in the simplest targets. Other questions require fur- 
ther work. This applies most of all to the study of the 
angular behavior of all processes and the choice of more 
complicated targets. 

In the present work we have measured the total cross 
sections for the processes (TO), (71) and (01) when inci- 
dent hydrogen particles with energies E= 1.67 and 5.0 
MeV interact with He, Ar, Kr, Xe, H,, 0 2 ,  C02,  C2H2 
gases, and at energies E=5.14 MeV in potassium vapor. 
We have calculated cross sections and characteristic scat- 
tering angles using the Born approximation for the range 
E=0.1-20 MeV in collisions of the form ( T ~ ) + ( i i ) ,  
(Ti), (OO), ( 1 1 ) involving interactions between mon- 
atomic hydrogen and Li, Na, K, Rb, Cs or NaCl, KC1, 
KBr, KI, CsI molecules (using the Thomas-Fermi and 
dipole potential models to describe the target). 

In Secs. 2 and 3 we describe the technique for process- 
ing the experimental data, the apparatus, and the results of 
the measurements. "Exact" calculations for H targets are 
given in Sec. 4. In Sec. 5 we introduce expressions for the 
differential scattering cross sections off model interaction 
potentials and derive a potential which enables us to per- 
form calculations of the cross sections for alkaline metal 
atoms and for alkaline-halide molecules. 

2. DETERMINATION OF THE -0, -1, ~ 0 ,  CROSS SECTIONS 
FROM MEASURED CHARGE DISTRIBUTIONS 

We have processed the experimental data to determine 
the q o ,  q , ,  uol cross sections in the energy range E20.2 
MeV, as a rule, without taking into account electron cap- 
ture processes, since the capture cross sections are found to 
be several orders of magnitude lower than the correspond- 
ing loss cross sections. The charge composition of a beam 
which is passed through a target of thickness t is deter- 
mined by the following differential equations: 

for an initial beam of hydrogen atoms, 

for an initial beam of H- atoms, and the normalization 
condition ZiQi(t) = 1, where Qi(t) is the fraction of beam 
particles with charge i, and a, = qo + q,. Equations ( 1 )- 
(3) respectively correspond to the three desired cross sec- 
tions uol, q o ,  q l  Solving them we find 

where ao (0 ) ,  @i(O) are the initial conditions at t=O. 
Thus, in the first experiment the Qi(t) charge distribution 
and t are used with Eq. (4) to find the cross section sol, 

while in the second a x ,  qo are found successively [Eqs. 
(5) and (6)] and also ql =ax-qo. 

Using expression (6) for the efficiency @om" with 
which H- ions are neutralized and the corresponding tar- 
get thickness Pax [taking @i(0) = 1, Qo(0) =0] we find the 
following expressions: 

3. EXPERIMENTAL APPARATUS; RESULTS OF 
MEASUREMENTS 

The essential components of the experimental appara- 
tus and the technique used to perform the measurements 
are described in Refs. 11 and 16. In the present work, in 
studying the charged state of the beam of fast hydrogen 
particles, we added a module for detecting particles of dif- 
ferent charge, a magnet system, and a vapor target for 
obtaining potassium vapor (Fig. 1 ) . 

The module for detecting H+, HO, H- hydrogen par- 
ticles consists of three DKPs-350 semiconductor detectors 
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at a distance of 28 mm from one another, positioned per- 
pendicular to the direction in which the charged compo- 
nents of the beam move. The total beam intensity was 
measured to be (500 particleh, so the charged fractions of 
the beam were directed right at the detectors, which oper- 
ated in a complex with standard spectrometric and count- 
ing apparatus. F5007 programmable counters in each mea- 
surement channel were connected to a single control 
system, which allowed the measurement of the number of 
incident particles to be made at the same time for all 
charge fractions and enabled them to end at the same time, 
after a prescribed number of pulses had been collected in 
one detection circuit (this was generally the HO detection 
circuit). 

After it had passed through the target the beam was 
broken up into charge component and the H+, H- ions 
were directed into the central region of the detectors using 
the magnet system. In the design of the magnet system we 
used permanent magnets with dimensions 55x 15 mm2 
made of the alloy SmCo5. The magnetic induction was 
controlled by changing the distance between the poles by 
means of clamps. The magnet system was located outside 
the ion guide; the distance between the vacuum sleeves (for 
transporting the beam), in which the pole positioners were 
shifted, was equal to 15 mm (for a ribbon beam of width 
5-8 mm). 

A vapor target consists of a casing, a vapor generator, 
and input and output slits. All these components of the 
vapor target were made of stainless steel, and each had its 
own heating system, thermal shielding, and temperature 
control using XA thermocouples. The effective length of a 
vapor target was 436 mm. The input and output slits with 
identical dimensions 0.25 X 5 mm2 served to limit the vapor 
flow. In order to prevent gas from escaping into the work- 
ing volume of the vapor target its structural elements were 
baked at T=200-250 "C for 30 h before being exposed to 
potassium and at T =  100-120 "C afterwards. 

The centers of the collision chamber for admitting gas 
(Fig. 1) and the vapor target were separated by a distance 
of 1.38 m from one another, so that with the collimators 
used and the angular variation of the observed 
processes11"6 the presence of the vapor target in the ion 
guide did not affect the results of the experiments in which 
the collision chamber was used. However, when more sen- 
sitive measurements were carried out in gaseous targets the 
separation between the collision chamber and the magnet 
system was minimized (in order to reduce the thickness of 
the residual gas target, whose composition could not be 
monitored) as the vapor target was moved away, and was 
equal to 1.2 m when the residual gas pressure was 
(3. Pa. But the separation between the center of the 
vapor target and the detector unit was equal to 8.10 m (see 
also Ref. 16). 

In the course of the measurements the initial particle 
charge distribution in the beam on input to the collision 
chamber was essentially uniform both for gases and for K 
vapor, and was maintained at the level @i(0)=0.988, 
@O(0)=O.O1O for an original H- beam and at 
@,(0) =0.995 for an original HO beam. Figure 2 displays 

FIG. 2. Measured particle distribution in a beam in terms of the charges 
as a function of the effective thickness of the H2 target for original H- 
ions with energy E= 1.67 MeV. 

the typical behavior of the charge composition of the beam 
as a function of the thickness of the H2 target investigated. 
The cross sections qo, ql were calculated from the mea- 
sured charge distribution using Eqs. (5) and (6) for the 
target thicknesses t, where a,(?) =O. 11-0.20, and uol was 
calculated using Eq. (4) for t such that @,(t) ~ 0 . 6 0 .  These 
conditions yielded the most accurate determinations of t, 
the fractions Q i ( r ) ,  and ultimately the desired cross sec- 
tions. The experimental values of the cross section, the 
neutralization efficiencies @ r ,  and Pax found for gaseous 
targets and incident particle energies E=1.67 and 5.0 
MeV, together with the error S in their measurements cor- 
responding to one standard deviation, are compiled in Ta- 
bles I and 11. 

For the He, Ar, and H2 targets the cross sections we 
measured agreed with the experimental results reported in 
Refs. 2 and 3 to within experimental error. The sum of the 
cross sections u 2 = q o + q l  for He and H2 targets is prac- 
tically the same as the analogous sums calculated in Refs. 
9 and 11. If we compare the cross sections 5 0 ,  aol we 
obtained with those calculated by Riesselmann et al.,'O we 
observe that they agree well (for light targets our cross 
sections are higher by 5-20% than those of Ref. 10, 
whereas for Kr and Xe they are lower by factors -- 1.2 and - 1.4 respectively ) . 

The experiments with a potassium target were carried 
out at incident particle energies E=5.14 MeV. The target 
thickness was determined from the ~el l -known'~"~ depen- 
dence of the saturated pressure of K vapor on temperature. 
The results of the measurements are entered in Table 11. 
The value of @ r  which we obtained agrees with that 
found in Ref. 5. The characteristic scattering angle",l9 of 
HO atoms when H- ions are neutralized in a K target, 
corresponding to the half-width of the position-angle dis- 
tribution of HO atoms at half maximum, was measured 
using the equipment and technique described in Ref. 16, 
and was equal to el:;)= 1.45. lo-' rad * 10%. 
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TABLE I. Experimental data for the (Ol), ( lo),  and (71) processes in which 
hydrogen particles with energy E= 1.67 MeV interact with various gaseous targets. 

Note: The cross sections are given in units of X cm2 and the target thickness 
in units of X 10" cm-'. 

4. CALCULATION OF CROSS SECTIONS FOR H TARGETS 

Extending the calculations performed in Ref. 11 for a 
helium target, we considered the following processes in 
which hydrogen particles scatter from an H target with 
and without a change in charge: 

H++H+H++H(B) ,  (8) 

Gas 

He 
Ar 
Kr 
Xe 
H2 

0 2  

co2 
C2 Hz 

6,% 

Using monatomic hydrogen as the target enables us to 
obtain simple analytical expressions for the differential and 
some total cross sections of the processes described by Eqs. 

(8)-( 12) and to estimate the cross sections for Hz targets 
by using the summation principle, according to which the 
cross section for a given process in which particles interact 
with a molecule is equal to the sum of the corresponding 
scattering cross sections for the atoms which make up that 
molecule. In addition, as will be shown below, collisions 
which are symmetric in the interacting particles have a 
number of distinctive features. These include the high ef- 
ficiency with which H- ions are neutralized in molecular 
hydrogen (58% in the asymptotic ion energy range; see 
Tables I and 11). 

Our starting point will be a closed form of the Born 
approximation9 (the closure approximation). This takes 
into account all final states of the H target, including both 
the discrete and continuous spectrum (this is indicated by 
the symbol B in Eqs. (8)-( 12). In this approximation the 
role of the target in the formation of the differential scat- 

t "lax 

63.2 
4.95 
4.60 
2.98 
40.8 
5.80 
4.78 

11 

60 I 

8.62 
117 
135 
170 
11.8 
106 
13 1 

7 

ui I 

1.20 
19.2 
22.5 
33.9 
1.24 
15.3 
17.4 

25 

TABLE 11. Experimental data for the (Ol), (TO), and (71) processes in which hydro- 
gen particles with energy E =  5.0 MeV interact with gaseous targets. 

'Jio 

29.7 
319 
328 
403 
42.7 
274 
33 1 

9 

@Fa 

0.545 
0.518 
0.51 1 
0.505 
0.582 
0.518 
0.528 
0.548 

1 

Notes: The cross sections are given in units of X lo-'' cm2 and the target thickness in 
units of X loi5 ~ m - ~ .  An asterisk (*) labels the results for a potassium target obtained 
with energy E=5.14 MeV (here A is the measurement error for a K target). The 
subscritp (0) signifies that the quantities 9p and Pax for inert gases were not mea- 
sured directly but were calculated usings Eqs. (7) from the cross sections we measured. 

I 

Gas 

He 
Ar 
Kr 
Xe 
H2 
0 2  

co2 
C2 H2 

6,% 

K* 

A,% 
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t m ~  

136" 
11.0' 
8.99' 
6.10' 

117 
13.4 
10.0 
15.1 

12 

3.20 

15 

00 I 

4.61 
60.4 
66.5 

105 
4.70 

44.0 
58.2 
32.8 

6 

167 

10 

uio 

10.9 
125 
165 
229 

15.3 
110 
145 
89.3 

8 

387 

14 

U i  I 

0.190 
4.62 
8.19 

12.0 
0.287 
4.01 
4.56 
2.05 

23 

13.8 

35 

@rW 
0.581' 
0.495' 
0.524' 
0.500' 
0.581 
0.528 
0.530 
0.544 

1 

0.525 

1 



TABLE 111. Total cross sections for the scattering of H0 atoms and H+ and H- ions in atomic hydrogen 
when electrons are removed and when there is no change in the charge (in units of x cm2), 
calculated in the present work. 

tering cross section is determined9." by the factor 

where ~2~ and F: are the incoherent scattering function 
and the elastic form factor of a hydrogen atom, and we 
have written x =  (&o)2, where q is the average value of the 
wave number corresponding to an average value of the 
momentum transferred in a collision of Ap=G- for scat- 
tering by the angle 8 in the laboratory coordinate system 
and a. is the radius of the first Bohr orbit of an H atom. It 
can easily be shown that with small angles 8 we have 
x=xo+k2a@, where k=p/ii is the wave vector of the 
incident particle in the laboratory frame and xo= (ijminao)2 
is determined following Ref. 9 for 8=0. 

As in Ref. 11, the electronic state of the H- ion will be 
described by the Chandrasekar wave function; in the same 
work the form factors and s:, functions needed to calcu- 
late the cross sections of the processes (9)-(12) are given, 
by means of which we find the following expression for the 
differential cross sections of the processes in question: 

~ I I  

320 
237 
191 
139 
111 
79.8 
69.6 
63.04 
52.40 
46.64 
34.08 
29.25 
20.69 
13.31 
10.06 
7.02 
5.11 
3.94 

where me,  Mp ,  M H ,  MH- are the masses of an electron 
and of the corresponding hydrogen particles. 

The differential cross sections (14)-(19) are rapidly 
decreasing function of 8. Hence in calculating the total 
cross sections it makes sense to carry out the formal inte- 
gration of these expressions over the semiinfinite interval 
from xo (at 8=0) to w . For the process ( 8) we have 

where for xo we can use the approximate expression 
xo=6.246. ~ o - ~ / E  (here and in what follows E is given 
for convenience in MeV). At E=0.1 MeV this leads to 
values of xo which are ~ 2 %  less than the exact values; 
with increasing E this discrepancy quickly levels out. From 
Eq. (20) it follows that for E >  1 MeV we have 
all -In E/E. For the characteristic scattering angles1' we 
find from (14) the asymptotic expression (here and below 
8 is measured in radians) 

( 2 ~ )  
moo 

11.1 
8.82 
7.22 
5.25 
4.11 
2.86 
2.45 
2.19 
1.77 
1.55 
1.08 
0.910 
0.612 
0.369 
0.268 
0.179 
0.125 
0.093 

(2s) 
uw 

3.47 
2.42 
1.85 
1.25 
0.940 
0.629 
0.532 
0.472 
0.378 
0.329 
0.227 
0.189 

10.126 
0.0756 
0.0548 
0.0364 
0.0254 
0.0189 

which is smaller by a factor of 2.5 than for scattering by He 
(Ref. 11). 

Integrating ( 15 ) we find 

'Ji i 

82.3 
68.5 
59.8 
48.9 
41.8 
33.1 
29.8 
27.7 
23.9 
21.8 
16.9 
14.9 
11.1 
7.53 
5.86 
4.23 
3.17 
2.48 

(Is) 
'J w 

57.2 
38.1 
28.6 
19.1 
14.3 
9.53 
8.05 
7.15 
5.72 
4.97 
3.42 
2.86 
1.91 
1.14 
0.829 
0.550 
0.384 
0.286 
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'Joo 

7 1.7 
49.4 
37.7 
25.6 
19.4 
13.0 
11.0 
9.81 
7.87 
6.85 
4.74 
3.96 
2.64 
1.59 
1.15 
0.765 
0.534 
0.398 

E ,  MeV 

0.1 
0.15 
0.2 
0.3 
0.4 
0.6 
0.71 
0.8 
1 
1.15 
1.67 
2 
3 
5 
6.9 

10.4 
14.9 
20 
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uz 

389 
278 
215 
148 
113 
76.5 
65.0 
57.8 
46.5 
40.5 
28.0 
23.5 
15.7 
9.43 
6.84 
4.54 
3.17 
2.36 



TABLE IV. Characteristic scattering angles for hydrogen particles in monatomic hydrogen (in 
units of X rad), calculated in the present work. 

where xo is determined in the same way as above. The 
integration of Eqs. ( 16) and ( 17) is elementary, but it 
yields expressions containing many terms. For this reason 
we write down the asymptotic expressions for the processes 
(9), obtained from the exact formulas by substituting 
xo=O (in units of lo-'' cm2): 

where urn=ug)  + 0%) + ugP). The characteristic angle 
for the process (9) in which hydrogen atoms are formed in 
the 1s state is 

d(11) 
112 

66.75 
44.75 
33.66 
22.52 
16.92 
11.30 
9.55 
8.48 
6.79 
5.91 
4.07 
3.40 

E,  MeV 

0.1 
0.15 
0.2 
0.3 
0.4 
0.6 
0.71 
0.8 
1 
1.15 
1.67 
2 

Exact values of the calculated cross sections and char- 
acteristic angles for the processes in question are assembled 
in Tables I11 and IV. Comparing the results of the calcu- 
lations for monatomic hydrogen targets and for helium 
targets," we can draw the following conclusions: 

1. For ( 1 1 ) collisions the ratio ul  l/uz for an H target 
is higher in the energy range in question by a factor of 
1.2-1.6, while the characteristic angle 8[::) is smaller by a 
factor of - 2.5. 

2. When we go from He to H the ratio U$P)/U, in- 
creases by a factor of 1.7-4, as a result of which the char- 
acteristic angle for (00) collisions becomes largely deter- 
mined by the process of formation of hydrogen atoms in 

13.34 12.8 
11.34 0.966 0.986 
9.23 0.646 0.654 
7.70 13.2 0.452 0.457 
6.65 11.4 0.338 0.340 

the 2p state. Ultimately the value of 8;:) for an H target is 
reduced by a factor 1.7-3.6. The value of u&az for hy- 
drogen is smaller by a factor 1.3-1.9. 

3. In the range E)0.2 MeV the ratio q i /uZ  in hydro- 
gen is larger by a factor 1.2-1.8 than in He, while the u[:i) 
angles are reduced by a factor of 1.7-2.5. 

Thus, the characteristic angles for scattering processes 
involving hydrogen particles where no change in charge 
occurs and the values of u&u2 are considerably reduced 
foy an H target, especially for large values of E. The angle 
81;;) is also smaller (by_- 10% at energies E = 5-20 MeV), 
while the ratio 0[:)/8[;:) has decreased by a factor ~ 2 . 8 .  
This implies that a hydrogen target is more effective from 
the standpoint of forming beams of hydrogen atoms with 
the smallest possible angular divergence in the process of 
neutralizing H- ions for t=tmax, and similarly for proton 
beams. 

The characteristic angles and cross sections vary as 
functions of the energy of the incident particles for E)1 
MeV as follows [here and below the quantities distin- 
guished by the subscript Z refer t o  the process 
( 0 ) + ( 1 ) ] : , ,  e [ ~ ' a ~ - ' / ~ ,  e[;k)a~-l , 02, 
am a E- ', q i  a E-O." , which agrees with the results for 
He (Ref. 1 1 ), and for uZ and H targets with the results of 
Refs. 7, 9, and 10. The angular dependence is identical for 
the differential cross sections (8)-( 12) in H and He tar- 
gets. The location of the angle 80 for which 
dqi(Bo)/df2=0, holds is the same for both targets, since it 

df12 

124.3 
92.04 
76.03 
59.26 
50.17 
40.05 
36.57 
34.30 
30.47 
28.32 
23.33 
21.26 
17.28 

is determined by the vanishing of the form factor I::- [cf. 
Eq. (18) and Ref. 111. 

The values of the cross section ax calculated in this 
work in the energy range E=O.  1-20 MeV exceed the cross 
sections obtained theoretically by Lee and chen9 by 15%, 
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deem) 
112 

285.8 
169.4 
133.6 
102.0 
85.9 
68.4 
62.4 
58.6 
52.1 
48.3 
39.8 
36.3 
29.5 

d( i i )  
112 

41.43 
30.33 
24.14 
17.33 
13.61 
9.59 
8.26 
7.43 
6.07 
5.35 
3.78 
3.19 



those obtained by ~ i l l e s ~ i e '  by 15%, and those obtained 
by Riesselmann et a/. lo by 30%; but they are smaller than 
the cross sections calculated by ~adchenko '~  by 0-35% 
(depending on E). The experimental results6 for qo cross 
sections and E=0.1-0.3 MeV are smaller than our cross 
sections by -- 25%. 

In Refs. 10 and 20 it was shown that for E )  1 MeV the 
additivity principle for (01 ) , (70) processes of scattering 
by H-, H2 targets is satisfied to high accuracy. This en- 
ables us to compare the cross sections ax from Table I11 
which we have calculated, applied to H2 targets (by mul- 
tiplying by a factor 2) with our experimental data for 
qo+ql given in Tables I and 11. The theoretical values 
exceed the measured values by 15-20%. 

5. SCAlTERlNG BY MODEL POTENTIALS 

5.1. Scattering by the Thomas-Fermi potential 

The systematic application of the Born approximation 
for complex targets encounters serious difficulties of a com- 
putational nature, which can be circumvented by introduc- 
ing some sort of simplifying assumptions. In the Born ap- 
proximation in the approach of Ref. 9, invoking a model 
for the potential of the colliding particles, we can seek an 
expression for the differential scattering cross section of 
any process in a general form and thereby attempt to ex- 
tract the basic behavior of interactions of the form (8)- 
(12) for more complicated targets. With this aim we use 
the Thomas-Fermi potential approximation for the Teitz 
function, q (x )  = (1 where c is the Teitz constant, 
the argument is x =  1 .12956~i /~R/a~,  and R is the distance 
between the nucleus of the scattering atom with charge Z2 
at the point at which the value of the potential is deter- 
mined. Neglecting the changes in the Thomas-Fermi sta- 
tistical field resulting from the presence of the incident 
particle we find for the processes in question in the center- 
of-mass system the formula 

where v is the scattering angle, M is the reduced mass of 
the colliding particles, and e is the elementary charge; ki 
and kf are the wave vectors corresponding to the motion of 
a particle with reduced mass M and the velocity of the 
incident particle A before and after the collision, 
q= kf- k,; Z,, 2: are the charge of the nucleus in units of 
e and the number of electrons of the incident system A; 
a=  1.12956c~l/~/a~,  Psi, Pa, are the wave functions of 
the A system before and after the collision; R is the radial 
distance between the A particle and the nucleus of a target 
atom; dV is the volume element corresponding to the ra- 
dius R; r, is the radius vector of the ath electron of the A 

particle with respect to its nucleus; and d~ is an element of 
the configuration space of the 2; electrons of the incident 
particle. 

Integration of (25) over dV reduces to the following 
integral, whose value can be easily shown to be expressible 
in terms of the integral sine and cosine functions 

- "IRd v 4 IT 4 J R ( l  + a R ) i = 2  (sin; Ii-si(:)] -cos ~i(:)]. 

(26) 

Substituting (26) in (25) we find 

where ~t~~ is the form factor of the particle A. For large 
values of q/a for the expression which appears in braces in 
Eqs. (26) and (27) we can use the expansion 

where 0 represents a small quantity of higher order. Then 
for the bare A nuclei, retaining the first term in the expan- 
sion (28) and noting that we have q=2kisin (v/2), we 
obtain the Rutherford formula from Eq. (27). We deter- 
mine the angle VR above which the relation (27) for bare A 
nuclei yields the Rutherford formula from the condition 
under which the second term in the expansion (28) is 
smaller than the first by a factor lo-*. Thus we obtain 

(we use c=0.5125 for the value of the Teitz constant). 
At distances greater than an atomic radius the 

Thomas-Fermi potential is substantially larger than the 
true value; the Teitz approximation accentuates this dis- 
crepancy. It is just at these energies that hydrogen particles 
interact with target atoms in processes of the form (8)- 
(12) for scattering through angles O<(2-3)01/2. Expres- 
sion (27) is therefore valid and its use is meaningful for the 
range of scattering angles from (3-5)OlI2 to OR (the angle 
OR corresponds to the angle vR in the laboratory coordinate 
frame). A more precise value for the lower boundary of 
this range could reasonably be established by comparison 
with experimental data. Calculations of the differential 
cross sections for scattering through large angles are inter- 
esting, in particular, in connection with the study of the 
"halo" of tightly collimated beams of fast hydrogen parti- 
cles. 

In order to illustrate the above remarks we use (27) to 
calculate the characteristic angles and total cross sections 
in the process in which bare nuclei are scattered by atoms 
with no change in the charge. We find [cf. Eq. (2l) l  that 
the characteristic angle is given by 
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where EA/A is the energy in the laboratory coordinate sys- 
tem of the A nucleus in MeV/nucleon and the cross section 
(in cm2) is 

For protons expression (31) yields values larger by a fac- 
tor of 3-7 than the experimental cross sections of Refs. 11 
and 14. The dependence on Z1 and Z2 in (31) is also too 
strong. 

It is clear that as the energy EA increases an interaction 
process involving colliding particles will be characterized 
by smaller and smaller impact parameters, i.e., there will 
be an increase in the fraction of collisions which take place 
in the region of the space where the Thomas-Fermi poten- 
tial correctly describes the potential of the target atom. 
Consequently, Eq. (27) will show better agreement with 
experiment. 

5.2. Scattering by a dipole potential in the instantaneous 
dipole moment approximation 

We are interested in the scattering of hydrogen parti- 
cles through small angles, corresponding to large impact 
parameters. If the total charge of the scattering system 
with dipole moment d is equal to zero, then the potential 
energy of the incident A particle in the dipole field at large 
distances can be represented in the form 

Using (32) we find in analogy with (25) in the center-of- 
mass coordinate system 

where C= (M2e2/42#) (k f/ki), M = (Pal 1 ~ e - ~ ~ ~  1 Pa) .  
We average (33) over the directions of the vector d to 
obtain 

Since the formula for the vector matrix element M con- 
tains an integral over dV, its evaluation reduces to an in- 
tegral which can be shown to be equal to 

Using (35) we find that M is expressed in terms of the 
form factor of the A system: 

Substituting (36) in (34) we find for the differential scat- 
tering cross section in the laboratory coordinate frame 

After summing (37) over af#ai we arrive at a formula 
which differs from (37) in having Z:~f,(ij) for incoherent 
scattering of the A particle in place of IF: (q) 1 2. These Pi 
relations will obviously be useful in studying processes in- 
volving scattering through small angles in interactions with 
targets having a large dipole moment, such as molecules of 
alkaline-halide compounds. 

Relation (37) can be used to carry out calculations of 
the differential cross sections for scattering of particles in 
different processes, using the concept of the average value 
of the "instantaneous dipole moment" (IDM) of the target 
atom B. Specifically, assume that the velocity of the inci- 
dent particle is much larger than the velocity of the orbital 
electrons of the B atom, so that during the time of the 
collision the locations of these electrons remains essentially 
unchanged (using the corpuscular approach). The instan- 
taneous position of the electrons, specified by the vectors 
ri, corresponds to a value of the IDM Id1 
= e ( ~ : =  ,rirj) l". Averaging 1 d 1 over an ensemble of tar- 
get atoms we find the average value of the IDM: 

where P B  is the wave function of the B atom and drB is an 
element of the configuration space of the Z2 electrons of 
the B atom. Using the ergodic theorem we find that the 
concept of the IDM and Eq. (38) continue to apply even 
for small incident particle velocities. However, at small 
velocities the collisions can cause considerable distortion of 
the electronic states of the target owing to the presence of 
the incident particle. Generally speaking, these result in 
theoretical cross sections which exceed the actual values. 
In what follows we will refer to the theoretical model based 
on Eqs. (37) and (38) as the IDM approximation. 

Let us consider a target in the form of a hydrogen atom 
H(n1). In this case the integral in Eq. (38) is the average 
radius of an atomic electron in the nl state, given by22 
~=0.5[3n~-l(l+ l)]ao. For a hydrogen atom in the 
ground state we have d= 1.5eao. Substituting this value of 
the IDM in (37) and integrating with respect to a, we find 
for the processes (9) in which fast H atoms form in the 2s 
and 2p0 states the cross sections [in units of lo-'' cm2; cf. 
Eq. (2311 

The cross section a$ in the IDM approximation, how- 
ever, is larger than the "exact" cross section given by (23) 
by a factor of ten, since the corresponding differential cross 
section (37) falls off as a function of 8 too slowly (the 
integral for og) diverges in the formal limit 8- oo ). In the 
final analysis this is related to the behavior of the interac- 
tion potential (32) at small distances. Thus, in order to 
apply the IDM approximation successfully at large values 
of 8 it is necessary to correct the potential (32) at small 
distances and (or) to perform calculations for processes 
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FIG. 3. DifferentiaLcross s_ction for scattering of particles by monatomic 
hydrogen for the (10) + (1 1) process in which electrons are lost by the 
H- ions with energy E=0.71 MeV, calculated from the "exact" formula 
(19), trace I, and in the IMD approximation, trace 2. For each trace the 
arrows indicate the location of the angle corresponding to the half max- 
imum of the differential cross section for B=0. 

such that the differential cross section (37) falls off at large 
8 at least as fast as (quo)-'. This last condition holds for 
the cross section (39). 

Since Eq. (32) correctly describes the potential for the 
interaction of a particle with a dipole at large distances, 
relation (37) in the IDM approximation is found to hold 
for small scattering angles. As an example, Fig. 3 shows 
the differential cross section for scattering of H- ions by 
monatomic hydrogen in the (TO) + (71 ), process, calcu- 
lated according to the "exact" expression (19) and using 
Eq. (37) in the IDM approximation. Such good agreement 
in the differential cross sections for small values of 8 sug- 
gests that the IDM approximation is promising. This also 
applies to processes in which the differential cross section 
in the IDM approximation decreases as q-2 when q in- 
creases without limit. 

In fact, the differential cross section for scattering of 
particles by complex atoms can be derived over the whole 
range of angles 8 by "matching" Eq. (27), which is valid 
for large 8, with Eq. (37) for small 8 (using the IDM 
approximation for the electrons of the outer shell of the 
atom) at the point where Eqs. (27) and (37) coincide. We 
retain the designation "IDM approximation" for this ap- 
proach since the calculations reveal that the main contri- 
bution to the resulting total cross sections for these pro- 
cesses comes from Eq. (37) for the scattering by the dipole 
potential. 

Evaluation of the IDM for inert gas atoms is a separate 
problem, so in the present work we have calculated the 
characteristic angles and cross sections for the processes 
(TO) + ( i l ) ,  (Ti), (OO), (1 1) for atoms of the alkaline 
metals (Li, Na, K, Rb, Cs). Their IDM is determined by 
assuming that the atomic core is pointlike and has a charge 
+e. In this case the absolute value of the IDM is equal to 
the product d = e ( r )  of the elementary charge by the aver- 

age radius of a valence electron, in accordance with Eq. 
(38). 

The magnitudes of the minimum momentum transfer 
in a collision, which are needed in calculations of processes 
in which particles are scattered without change in charge 
in the closed form of the Born approximation (cf. Sec. 3 
and Refs. 9 and 1 I ) ,  as in the work of Meyerhof et al. ,21 
are determined according to the expression 

where v is the velocity of the incident particle, I is the 
ionization potential of a target particle, and AE(n1) is the 
excitation energy of the incident particle. The values of ( r )  
and I were taken from Radzig and ~ m i r n o v . ~ ~  

We also carried out similar calculations for the follow- 
ing diatomic alkalinehalide molecular compounds: NaCI, 
KC1, KBr, KI, and CsI. For the magnitude of the quantity 
d  in the calculations of the differential cross sections for 
scattering through small angles according to Eq. (37) we 
used the average values of the intrinsic electric dipole mo- 
ments of the molecules. The magnitudes of the dipole mo- 
ments, and also the molecular ionization potentials which 
enter in the relation (40), are noted in Ref. 24. Scattering 
through large angles is described by the sum of the differ- 
ential cross sections (27) for the individual atoms that 
make up the molecules. Then the differential cross sections 
obtained for large and small 8 are matched at the intersec- 
tion point. 

The tables containing the results of the actual calcula- 
tions for all the targets listed above at E=0.1-20 MeV are 
excessively detailed. Therefore, without losing much of the 
accuracy of the calculations, we represent the characteris- 
tic angles and cross sections for these scattering processes 
by their asymptotic expressions: 

The parameters which appear in these relations are 
given in Table V. They have numerical values such that 
when substituted in Eqs. (41) and (42) they yield angles 
in units of prad and cross sections in units of 10-l8 cm2 if 
E is measured in MeV. 

In the asymptotic energy range E)1 MeV the angles 
(41) and cross sections (42) are essentially the same as the 
results of the actual calculations for arbitrary processes 
(generally speaking, the difference is less than 1 % ) . As the 
energy decreases the difference between them grows notice- 
ably for some quantities. At E=0.1 MeV the calculated 
values of 81:;) are less than the asymptotic values by 1CL 
30% (depending on the target); those of am(2p) are less 
than the asymptotic values by 15-30%; and those of qi 
are less than the asymptotic values by 3-15%. For the 
other quantities the difference is ~ 3 % .  

Table V also contains the results of calculations in our 
approximation for H and Li targets, although the applica- 
tion of Eq. (27), which is based on the Thomas-Fermi 
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TABLE V. Values of the parameters used in Eqs. (41 ) and (42) for the characteristic angles and the cross 
sections for the processes (70) + ( i l ) ,  (OO), (Ti), ( l l ) ,  evaluated in the IMD approximation for targets 
consisting of H atoms, alkaline metal atoms, and alkaline-halide molecules. 

Note. The quantity a is given in units of X low6 MeV. 

potential, is not legitimate in this case. This comment does 
not apply to the ~ ~ ( 2 s )  and ooo(2p) cross sections, since 
Eq. (27) was not used when they were evaluated in the 
IMD approximation. The calculations for H and Li targets 
were performed using the technique of pseudointersection 
for the curves (27) and (37) (formally they do not inter- 
sect for these targets). In this technique the charge Z2 in 
Eq. (27) is assigned a value such that the curves are tan- 
gent to one another (i.e., pseudointersection occurs). The 
results obtained for these targets make it possible to com- 
pare the calculations in the IMD approximation with the 
exact calculations for H targets carried out in Sec. 4 of the 
present work. When we make this comparison we see that 
the ~ ~ ( 2 s )  and om(2p) cross sections in the IMD approx- 
imation differ by factors of at most -- 1.1 and =0.9 respec- 
tively from the exact values (Table 111), while the om( 1s) 
cross section is too high by a factor of 1.6. Notable agree- 
ment is observed for the cross sections of the processes 
( i ~ ) + ( i l ) ,  (Ti), (11). In the asymptotic rangeofEthe 
ox cross sections in the IMD approximation are less than 
the benchmark calculations by at most lo%, while the q 
and o,, cross sections in the IMD approximation are 
2-20% loy for all E. As for the characteristic scattering 
angles, 8[:!) in the IMD approximation for E>1 MeV is 
larger than the angles in Table IV by - 10% and 8[g) is 
larger t h g  the values in Table IV by a factor of 2-4. The 
angles 8[::), 81:;) in the approaches which we are compar- 
ing are in essentially total agreement (the discrepancy is 
less than 1.9%). It is important to note that the behavior 
of the cross sections and characteristic angles as a function 
of E in the IMD approximation is the same as in the exact 
calculations. 

For an Li target the um(2s), um(2p) cross sections in 
the IMD approximation are lower by a factor 1.3-1.5 cal- 
culated in Ref. 12 and exceed the cross sections calculated 
in Ref. 13 by a similar amount. The energy dependence of 
these cross sections is the same as in Ref. 12: asymptoti- 

Process 

( l o ) +  
+ ( i l )  

(00) 

(IT) 

(11) 

cally we have am(2s) cr E-' and am(2p) o: ln E/E in the 
range E=0.1-1 MeV. For E)1 MeV we have 
um(2p) a E-' [cf. Eq. (42)]. 

In the energy range E=0.1-0.2 MeV the values of the 
ax cross sections which we calculated for the heavier alka- 
line metal atoms exceed the experimental data5 by a factor 
of 3-7. As already noted, this is related to the fact that as 
E decreases the IMD approximation yields an asymptotic 
upper bound on the cross sections, which does not take 
into account the distortion of the target due to the colliding 
particles. The qo cross section which we measured for a 
potassium target (Table 11) is larger than the calculated 
value (Table V) by a factor of 2. 

A noteworthy feature of these calculations is that the 
cross sections of all the processes in which interaction with 
alkalinehalide molecules occurs are found to be less than 
the cross sections for the atoms of the corresponding alka- 
line metals. The reason for this is that the IMD of the 
atoms is larger than the dipole moment of the correspond- 
ing molecules. Without doubt this assertion is in sharp 
conflict with the additivity principle and requires experi- 
mental verification. 

Param- 
eter 

k, 
c, 
kw 
COO 

C(~ , ( IS)  
cw(2s) 
~ , ~ ( 2 p )  

k 
cii 
n 

kl l  
C ~ I  

a 

Target 

6. CONCLUSION 

H 

32.4 
42.5 
195 
11.3 
9.2 

0.414 
1.65 
6.76 
19.9 
0.76 
6.80 
6.60 

1313.5 

1. The results of the present work permit us to assume 
that targets consisting of molecules in which hydrogen at- 
oms occupy an essentially peripheral position are close in 
their properties to targets made of monatomic and molec- 
ular hydrogen. In order to test this assumption in the 
present work we determined the efficiency with which H- 
ions with energy E= 1.67 and 5.0 MeV were neutralized in 
C2H2 (the geometric structure of the molecule is H-C-C- 
H). It was found to be equal to @ r = 5 4 . 8 %  (see Tables 
I and 11). 

2. Comparison of the theoretical values of 01:' for 
hydrogen and helium targets (Table IV and Refs. 9 and 
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Li 

32.4 
364 
195 
89.8 
76.0 
2.76 
11.0 
2.70 
251 
0.85 
2.70 
44.08 
80.6 

Na 

32.4 
535 
195 
139 
123 
3.25 
13.0 
2.56 
329 
0.87 
2.57 

52.03 
26.0 

K 

32.4 
958 
195 
276 
251 
5.06 
20.2 
2.17 
599 
0.88 
2.17 

Rb 

32.4 
1362 
195 
447 
418 
5.83 
23.3 
2.09 
826 
0.90 

! 2.09 

Cs 

32.4 
1848 
195 
630 
594 
7.3 
29.1 
1.94 
1121 
0.91 
1.95 

81.08'92.98 116.2 
0.893 8.86 

NaCl 

32.4 
519 
195 
167 
156 
2.29 
9.14 
4.44 
261 
0.88 
4.46 

1.92 
36.57 
11.2 

KC1 

32.4 
456 
195 
155 
146 
1.82 
7.27 
4.32 
231 
0.89 
4.34 
29.10 
4.98 

KBr 

32.4 
638 
195 
224 
213 
2.35 
9.39 
3.92 
331 
0.90 
3.93 
37.57 
2.11 

KJ 

32.4 
706 
195 
256 
244 
2.41 
9.60 
3.67 
369 

0.907 
3.68 

Csl 

32.4 
907 
195 
334 
319 
2.96 
11.8 
3.61 
475 
0.91 
3.63 

38.48 47.34 
0.9570.623 



11) and the experimental results obtained in the present 
work for a potassium target, and also Eqs. (27) and (37) 
and the calculations in the IMD approximation, reinforces 
the conclusions of Refs. 8 _and 15, where it was found that 
the characteristic angle el);' depends weakly on the form 
of the target. As noted in the Introduction, there are no 
experimental data on this matter for E20.5 MeV. 

3. The calculations performed in the present work and 
in Ref. 11 for a broad range of targets and processes, and 
also the experimental results for ( lo) ,  ( i l  ), (01) pro- 
cesses reveal that the ratios of these cross sections (e.g., 
u d q o ,  um(nl)/u,, etc.) change relatively smoothly and 
to a limited extent as we go from one target to another. 
Thus, the ratio um(2p)/um(2s) (say) is equal to 4.7 for an 
H target and 4.0 for the atoms of alkaline metals. We can 
assume that these ratios of cross sections will vary with 
some regularity (though not very much) within a single 
class of targets and will change abruptly when we go from 
one class of targets to another. An example of this is the 
discontinuous change in the ratio qo/aol when we go from 
gaseous targets to plasma targets. The same thing should 
be expected when we go to amorphous or monocrystalline 
film targets. 

4. The numerical calculations reveal that for all targets 
and processes the fraction of particles scattered through 
angles 0> 1081/2 generally amounts to 10-40%, which un- 
derlines the importance of the beam halo problem. 

5. Using (36) we reduce the differential cross section 
(33) in the laboratory coordinate system to the form 

where y is the angle between the vectors d and q. It is 
obvious that the scattering in targets polarized with respect 
to the orientation of the vector d is a minimum in the 
direction perpendicular to d. If we assume that the vector 
d is parallel to the beam axis then it is easy to show that 

MA 
Q COS y=Qmi,+ kA - 82. 2M 

For scattering angles 0 ~ 1 0 0 , / ~  the second term in (44) 
can be neglected. In this case the angular dependence (43) 
is determined mainly by the factor q-4, which causes the 
angular profile of the scattered particles to narrow and also 
reduces the beam halo relative to other targets. Using (43) 
we can easily analyze other effects that occur when the 

direction of target polarization relative to the beam axis is 
changed. However, observation of these effects is some- 
what hindered due to the precession of the vector d about 
the direction of polarization. Consequently, polarization 
effects are exhibited most clearly in targets at reduced tem- 
perature and large values of the dipole moment. 

I wish to express my deep gratitude to B. V. Shul'gin 
for supporting this work, and to G. D. Ved'manov, Yu. G. 
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