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ABSTRACT 

Relative differential cross sections for the asymmetric coplanar (e,2e) reaction have 

been measured in three energy-sharing regions, for two of which the ionisation peak is 

about 1 a.u. off the Bethe ridge. Momentum transfer is intermediate between large 

(binary) and small (dipole) values, where the distorted-wave impulse and second Born 

approximations respectively give a good account of the experimental data. In addition to 

these approximations the distorted-wave Born approximation is calculated. It is somewhat 

superior to the distorted-wave impulse approximation and very much better than the 

second Born approximation. 

PACS classification 34.80.Dp 
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1. I N T R O D U C T I O N 

In studying the mechanism of the ionisation of atoms by electron impact atomic 

iiydrogen is the ideal target because there is no question about whether we can describe 

the target ground state with sufficient accuracy. Since there is no closed-form three-body 

theory for Coulomb potentials, understanding is achieved by an iterative interaction of 

experiment and theory by which it is hoped to find a good description of the reaction in a 

broad kinematic region. 

Ionisation has been studied mainly in two broad kinematic regions, characterised by 

high and low momentum transfer. The description of the reaction has turned out to 

emphasise quite different aspects of the three-body system in the two regions. For low 

momentum transfer the incident electron undergoes rather a long-range interaction with 

the target, influenced significantly by the potentials of the active target electron and of 

the residual ion. Ionisation is described quite well by the second Born approximation 

or improved descriptions based on the Born series (Joachain and Pireaux 1986, Sharma 

and Srivastava 1987) in which both potentials, called v and V respectively, are treated 

roughly on an equal basis, the Born series being summed to second order in both. High 

momentum transfer results from a close electron-electron collision. The plane-wave impulse 

approximation (PWIA) treats only the interaction x>, but sums the corresponding Born 

series to all orders, giving the electron-electron <-matrix t. The distorted-wave impulse 

approximation (DWIA) treats the interactions of the fast electrons with the rest of the 

system also in all orders in the appropriate two-body problems by using the corresponding 

elastic scattering ftinctions (distorted waves). However it is necessary for computation 

to make a factorisation approximation in which the r-matrix and the distorted waves 

contribute to separate factors. The factorisation is exact only in the PWIA. Noncoplanar 

symmetric ionisation is described essentially within experimental error for many targets by 

the DWIA (McCarthy and Weigold 1988), as is coplanar ionisation for recoil momentum 

near zero, i.e. near the Bethe ridge (Lahrnam-Bennani et al 1988). 
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Absolute experimental cross sections are available in both high- f.nd low-momentum-

transfer regions. For low momentum transfer several normalisation methods involving 

known low-momentum limits agree (Lahmam-Bennani tt al 1987). For high momentum 

transfer absolute cross sections have been directly measured (Beaty tt al 1977, Stefani tt 

al 1978, van Wingerden tt al 1979, 1981). 

The present experiments are done at a total energy of 400eV. The momenta of the 

incident ko, fast It* and slow kg electrons are coplanar. The scattering angle of the 

fast electron 9^ is fixed at 30°. Three energy-sharing regions are studied in which the 

slow electron has energy 50, 100 and 200eV. In each region the relative differential cross 

section is measured as a function of the polar angle 9g of the slow electron. The relative 

normalisation of the three energy regions is not measured. Theoretical descriptions are 

tested only by the shape of the 6B profile in each energy region. The recoil momentum at 

the peak for the three regions is 0.87, 0.09 and -0.95 a.u. respectively. The first and third 

regions are well off the Bethe ridge. 

Three approximations are compared with the experimental data. In addition to the 

second Born approximation and the DWIA we calculate the distorted-wave Born approx

imation (DWBA). This obtains very accurate total ionisation cross sections at energies 

above about ten times the ionisation threshold for many atoms and ions (Younger 1981 

and references therein). 

There is an important theoretical reason for testing the DWBA. It is the most detailed 

approximation that is computationally feasible for the effect of the continuum in an ab 

initio optical potential for scattering (McCarthy and Stelbovics 1980). 
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2. Experimental Details 

The coplanar asymmetric apparatus used in these measurements has been described 

in detail by Weigold et al (1979) and Lohmann et al (1984). The only difference was 

that one of the cylindrical mirror analysers was replaced by a hemispherical one with 

five element retarding lens. A 1mm x 1mm slit was placed in the centre of the exit 

plate of the heuuspherical analyser, and the transmitted electrons were detected using 

channel electron multipliers. The hemispherical and the cylindrical analysers, detecting 

the lower energy "ejected" and the higher energy "scattered" electrons respectively, could 

be independently rotated in the scattering plane about the interaction region by computer-

controlled stepping motors. The pass energy through the analysers was kept fixed at 30eV 

and the energy calibration was performed using the Auger lines of argon with an incident 

energy of 860eV. Collimation of the electron beam ensured that the angular divergence of 

the beam was less than 1°. Standard coincidence signal processing was used. 

A pyrex RF discharge tube was used to dissociate the molecular hydrogen. Typical 

operating conditions were RF frequencies in the range 35-45MHz and power levels of the 

order of 20-30 watts. The degree of dissociation was measured in a coplanar symmetric 

(e,2e) experiment at a total energy in the exit channel of 400eV as described by Lower et 

al (1987). The dissociation ratio is given by 

_ 1 
, ? _ l + v ^ ( ^ ) ( | » ) ' 

where ox and <r2 denote the triple differential cross sections for atomic and molecular 

hydrogen respectively, and S\ and 52 the measured signals under the peaks centred at 

separation energies of 13.6eV and 15.9eV respectively. The factor of T/2 corrects for the 

difference in atomic and molecular velocities. The dissociation was typically 70%, using 

the plane wave impulse approximation value of 1.24 for the ratio 0t/ol for C — 45° and 

200eV outgoing electrons. 

Care was taken to align the interaction region with the centre of rotation of the two 
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analysers. A skimmer was used to confine the atomic beam to be within the viewing angles 

of the analysers. The zero angle and angular dependence of the detection efficiencies of 

the two analysers were checked by measuring the known cross section for elastic scattering 

from atomic hydrogen (van Wingerden et al 1977). 

5 



3. Theoretical approximations 

The differential cross section for the (e,2e) reaction is 

- * * = (2*)<^E„„ | T(kA,kB,k0) \\ (1) 
dkAdkBdEA *o 

where E a e denotes an average over initial and sum over final spin degeneracies. We consider 

three different approximations to the three-body T-matrix T. 

The distorted-wave approximations are based on considering the primary electron-

electron collision inside the atom as being governed by the free electron-electron collision 

operator t. The wave functions representing the interaction of the fast electrons with 

the target are elastic scattering functions calculated in the appropriate potential. This 

is the static potential of the atom for the incHent electron, and the static potential of 

the ion (the Coulomb potential for hydrogen) for the slow outgoing electron. A better 

approximation would be to include exchange and higher-order potentials representing the 

effects of unobserved channels, but their effects have never been observable (McCarthy and 

Weigold 1988). 

For the fast outgoing electron the first approximation to the potential is not obvious. 

It could be the ion potential or it could be the ion potential screened in some way by the 

slow electron, the extreme being the target potential. We consider the two extremes, ion 

and target potentials. 

The basic approximation is 

Ttk^kfl.ko) = tf-HkArf-Hkn) 11 | V'oX(+)(M>. (2) 

Here V'o represents the target ground state and 

i = l\ + (-\frr)tc, (3) 
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where S is the total spin of the colliding electrons, Pr is the space-exchange operator and 

t c is the Coulomb t-matrix (Chen and Chen 1972, McCarthy and Roberts 1987). 

Since t is a nonlocal operator (2) involves a nine-dimensional integral which has proved 

too difficult to calculate. We make two alternative approximations to circumvent this 

difficulty. 

The distorted-wave impulse approximation (DWIA) recognises that if the electron-

target potentials are ignored for the fast electrons and x'+*(k) are plane waves then (2) 

factorises into a factor describing the electron-electron collision and a factor describing the 

target-ion structure. The approximation retains the factorisation and puts the distortion 

back into the structure factor. 

7 W / ( k „ , k B , k 0 ) = (k' 111 k) ( X

( - ) (k y 4 )x ( - ) (kB) | tf>0v(+)(k0)). (4) 

where 

k' = i (k„ -k B ) , 

k = l ( k o - q ) , 

q = k /, + k B - k 0 . (5) 

The distorted-wave Born approximation (DWBA) treats the electron-electron collision 

only in first order. It is not necessary now to faciorise the integral (2) since v is a local 

operator and the integration is over six dimensions, for which computation is possible. 

Tmv f l (k„,k B ,ko) = (x ( - ) (k^)v ( ->(k 0 ) | v | 0oX ( + ) (M>. (6) 

The second Born approximation (B0RN2) includes the potentials v and V up to 

second order. 
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where #7- >S the target Hamiltonian and A' is the projectile kinetic energy operator. Ex

change terms are omitted. The second-order tern is evaluated in the closure approximation 

(Byron et al 1980). 

The DWBA gives excellent total ionisation cross sect ions for a wide r ge of atoms and 

ions at an energy above about ten times the ionisation threshold. The main contribution 

is from the very asymmetric region so that one would expect it to be a very good approx

imation in this region, where the second Born approximation is normally compared with 

experimental data. The DWB A describes the binary peak very well for helium (Miiller-

Fiedler et al 1985). In fig. 1 the DWBA and the second Born approximation are compared 

with the e - H data of Ehrhardt et al (1985) at E0 = 250eV, EB = 5eV and 6A = 3°. 

These data have been put on an absolute scale in comparison with the optical oscillator 

strength by extrapolating the first Born approximation to zero momentum. 

The DWBA is somewhat inferior to the second Born approximation in shape, since 

its binary peak is shifted to smaller angles than that of the experiment and the second 

Born approximation. Its magnitude is about 60% of the second Born and the theoretically 

normalised data. This discrepancy is surprising in view of its success for total ionisation 

cross sections and helium differential cross sectL_~. More information is needed on absolute 

cross sections in the very asymmetric kinematic region. 
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4. Resul ts 

The present experimental relative differential cross sections are given in table 1. They 

have been normalised at the maximum in each energy-sharing region to the DWBA. 

The differential cross sections are compared with the three approximations in figs. 2 4. 

There is little to cljoose in shape between the DWBA and DWIA, although the DWBA 

is slightly better overall. There is a 2° shift of the DWIA peak to larger angles than the 

DWBA peak at EB = 200eV. In absolute magnitude the DWIA peak is about 50% lower 

than the DWBA peak. B0RN2 does not agree well in shape with the experimental data 

in any energy region. It is best in the most asymmetric region EB = 5Pe V (fig. 2). 

In each energy region the distorted-wave calculations use the unscreened ion in poten

tial Z\ = 1 for the faster electron. Maximum screening is represented by using the target 

static potential for calculating \ ' ~ ' ( k ^ ) . The screening is expected to have maximum 

effect in the most asymmetric case En — 50eV. Fig. 5 snows that its effect is significant 

in the DWBA, producing a 4° shift to smaller OB- The shape of the screened DWBA neai 

the peak is very similar to B0RN2, but it is in worse agreement with experiment than the 

unscreened DWBA. A similar effect was found by Madison et al (1977). 
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5. Conclusions 

The DWBA gives a satisfactory description of the shapes of 400eV differential crors 

section profiles for hydrogen in three coplanar ionisation regions. Two of these regions 

are about 1 a.u. off the Bethe ridge while the ofher peaks near the Bethe ridge. The 

DWIA gives a slightly poorer description for symmetric energies at 0^ = 30°. The second 

Born approximation is unsatisfactory in all regions. The most satisfactory shape in the 

distorted-^vave approximations is obtained by using the full ion potential for the faster 

electron. No significant effects of screening by the slower electron are detectable. 
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Table 1. Differential cross sections in the energy-sharing regions EB = 50, 100 and 200eV. 

Relative experimental cross sections have been normalised at the maximum to the 

DWBA. Units are 10- 3aj|/(Sr 2.Ryd). The total energy EA + EB is 400eV anr« 0A is 

30°. Experimental errors in the final digits are shown in parentheses. 

^(deg.) E B=50eV £;=100eV £ f l=200eV 

30 - "» 8(14) 0.50(16) 

35 -0.2(4) 5.4(15) 0.88(20) 

40 1.1(6) 4.6(15) 1.56(25) 

45 0.5(5) 12.5(21) 2.32(29) 

50 2.1(7) 28.4(29) 1.85(26) 

55 4.7(10) 44.3(35) 1.51(23) 

60 7.3(12) 53.7(39) 0.57(14) 

65 7.2(12) 43.6(35) 0.11(8) 

70 11.6(13) 22.6(26) 0.02(4) 

75 9.0(12) 13.9(21) 0.03(4) 

80 8.6(11) 7.0(15) 0.03(4) 

85 3.8(8) 3.0(12) -

90 2.0(6) 4.4(12) -

95 0.8(4) 4.0(12) -

100 1.2(4) 2.3(1C) -

105 1.2(4) 3.8(12) -

no 0.1(2) 2.1(10) -

115 0.4(3) 1.5(9) -

120 0.2(2) 2.8(10) -
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Figure Captions 

Fig. 1 Electron impact ionization of hydrogen foi E0 = 250eV, EB — 5eV, 9A — 3°- The 

experimental data and second Born calculation (broken curve) of Elirhardt et al (1985) 

are compared with the present DWBA (full curve). 

Fig. 2 Electron impact ionisation of hydrogen for 9A — 30°, EA = 350eV, EB = 50eV. The 

present experimental data are compared with DWBA (full curve), DWIA (long dashed 

curve) and BORN2 (short dashed curve). Atomic units here are ^ / ( S r 2 Ryd). 

Fig. 3 Electron impact ionisation of hydrogen for 6A - 30°, EA = 300eV, EB = lOOeV. 

The present experimental data are compared with DWBA (full curve), DWIA (long 

dashed curve) and BORN2 (short dashed curve). Atomic units here are ajj/(Sr 2 Ryd). 

Fig. 4 Electron impact ionisation of hydrogen for 6A = 30°, EA = 200eV, Ea - 200eV. 

The present experimental data are compared with DWBA (full curve), DWIA (long 

dashed curve) and BORN2 (short dashed curve). Atomic units here are ajj/(Sr 2 Ryd). 

Fig. 5 Comparison of the DWBA for dA = 30°, EA = 350eV, EB = 50eV using the target 

potential (broken curve) and the ion potential (full curve) for the 350eV electron. 
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