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In this work, electron impact ionizing collisions on atomic hydrogen embedded in weakly coupled plasmas are studied

at impact energies of 80 eV and 150 eV. Fully differential cross sections calculated by means of a distorted wave model

which explicitly considers the screening effect among the three interacting particles in the final state are presented

and analyzed. Compared to the unscreened case, clear differences in shape and magnitude are found for the dominant

structures, the binary and recoil peaks, suggesting that the role played in the collision by the different particles varies

with the Debye screening length. A scaling law for the fully differential cross section in terms of the nuclear charge Z,

first proposed by Kornberg and Miraglia in the photo-double ionization context, is shown to also hold for the electron

impact ionization of hydrogenic ions in the present screened context.

I. INTRODUCTION

The study of charged particle collisions with atoms and

molecules represents one of the most interesting and long-

lasting problems in atomic physics research. Besides its inher-

ent importance in a basic science perspective, there is also the

potential role these processes play in many areas, like fusion

plasmas, astrophysics and radiotherapy among others. A par-

ticular example is provided by charge exchange spectroscopy.

This diagnostic tool allows to infer the plasma temperature,

its rotation and the amount of impurities inside a tokamak

reactor from the photonic emission that follows charge ex-

change reactions with H(1s) and H∗(n=2)1,2. In astrophysics,

x-ray emission from comets has been found to originate in

the electronic deexcitation that follows charge exchange pro-

cesses between the solar wind ions and the cometary gases

in the coma. In this sense, charge exchange cross sections

have been used to reproduce the spectral analysis of the Chan-

dra x-Ray-Observatory survey3–5. In radiotherapy, electron

emission cross sections of different level of differentiability

are used as input data for transport simulation codes during

the planning stage of cancer irradiation treatments6–10. While

many of these contexts involve complex molecules like H2O,

CO2, CH4, DNA-bases etc., it is worth noting that hydrogen

or hydrogenic ions have been largely used in quantum me-

chanical and classical analyses as primary substitutes of those

targets or the resulting ions. This obeys, on the one hand,

to the fact that the ionization potential of hydrogen is similar

to those obtained for their least bound orbital. On the other

hand, bound and continuum states for the two-body Coulomb

problem can be expressed in analytical closed form, easing

calculations that can otherwise turn prohibitive.

The dynamics of electron emission processes can be stud-

ied in terms of the Fully Differential Cross Sections (FDCS).

These provide a complete picture of the collision events, since

the momenta of all the fragments involved are resolved. The

first FDCS for the single ionization process of helium by elec-

tron impact were measured in the late 1960s11,12. During

the next five decades, FDCS for electron impact ionization

of different atomic and molecular targets like H, He, Ar, H2O,

among others, have been reported from several groups work-

ing worldwide13–23. Moreover, recently the Heidelberg group

succeeded in measuring FDCS for the electron impact ioniza-

tion of H2 molecular targets, determining their specific orien-

tation at the instant that each collision event took place24. This

clearly shows the actual capabilities of reaction microscopes

and a promising perspective regarding the study of collisions

with complex molecules. From a theoretical point of view,

we can distinguish the applied methods in two families: per-

turbative treatments and numerically intensive. The former

are mainly represented by distorted wave methods, like the

distorted wave Born approximation (DWBA)23,25, the three

distorted wave Born approximation (3DWBA) (among which

we include the three Coulomb Born approximation (3CBA)

and many of the proposed variations in terms of coordinate

and momentum dependent charges)26–29, and the continuum

distorted wave-eikonal initial state (CDW-EIS) model30–34 of

wide use in the ion-atom and ion-molecule context7,35, and

in principle can be extended to deal with complex molecular

targets at a considerably inferior computational cost. The lat-

ter rely on very powerful computational capabilities, and have

proved to accurately describe the reported experimental data

for light atomic targets like H and He, and have been recently

extended to Kr and Si36–41. Nevertheless, complex molecular

targets still represent a challenge for these methods, even in a

one-active electron approximation42.

The above cited studies entirely correspond to collisions in-

volving gas phase targets in such low densities that the target

atom/molecule can be considered to be isolated from its sur-

roundings. In contrast, laboratory and astrophysical plasma

environments represent a completely different scenario. The

interactions among specific particles in these contexts are now

screened, in a lesser or greater extent, according to the tem-

perature and density of the medium. As a result, not only the

electronic structure of atoms and molecules is affected com-

pared to the unscreened case, but also the outcomes of dif-
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ferent collisional processes like photon excitation and ioniza-

tion, electron/positron impact excitation and ionization, and

charge exchange, excitation and ionization during ion impact.

In particular, weakly coupled plasmas, for which interparticle

interactions can be described by means of the Debye-Hückel

potential, have prompted a large set of theoretical studies dur-

ing the past few decades (see Ref. [43] for a recent review).

For electron impact collisions, convergent-close-coupling cal-

culations established for H and He targets that as the strength

of the screening of the medium increases, the total ioniza-

tion cross section increases while the excitation cross section

diminishes44,45. Other recent studies focused on singly dif-

ferential ionization cross sections in energy (SDCS) for fast

electron impact ionization of hydrogen ions in their 2s or 2p

states. These studies were restricted to the low energy part

of the spectrum of ejected electrons and analyzed how the

strength of the screening affects the shape and positions of

resonances46. Finally, and up to our knowledge, the only pub-

lished study of the electron impact ionization of hydrogen in

Debye plasmas at the fully differential level is that of Li et

al.47. In that work, the authors used the numerically inten-

sive Exterior Complex Scaling method to analyze the punctual

case of coplanar equal-energy-sharing at an electron impact

energy of 15.6 eV. This corresponds for the unscreened case

to the region in which the Wannier threshold law is considered

to be valid48.

In this work we study the electron impact ionization of

screened hydrogenic ions in their ground state at the fully

differential level at impact energies of 80 eV and 150 eV.

These energies are representative of the region at which the

total ionization cross section peaks for the unscreened case,

and are large enough to allow the implementation of perturba-

tive models. The theoretical method employed is the 3DWBA

which is hereby extended to a Debye plasma environment. In

contrast to the work of Li et al., angular distributions for the

slow electron resulting from asymmetric collisions will be an-

alyzed at different fixed angles for the fast electron. Main

focus will be placed in describing the sensitivity of the struc-

tures of the FDCS on the screening strength for different pro-

jectile scattering angles, and tracing the physical origin of the

changes they exhibit.

In the next section, we describe the theoretical method,

while in Sec. III, we present and analyze our results. Conclu-

sions are drawn in Sec. IV. Atomic units are used throughout

this work unless otherwise stated.

II. THEORY

The FDCS for the single ionization process is given by49

d5σ

dE2dΩ1dΩ2

= (2π)4 k1k2

k0

[

1

4
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∣T D
f i +T E

f i

∣

∣
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+

3

4

∣
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∣

∣

2
]

.

(1)

Here, k0, k1 and k2 represent the impinging projectile, the

scattered projectile and the emitted electron momenta, respec-

tively. T D
f i and T E

f i are the direct and exchange transition am-

plitudes, with T E
f i (k1,k2) = T D

f i (k2,k1).
In what follows we describe the 3DWBA that is used

throughout this work. The interaction between two particles

with charges Zi and Z j separated at a distance ri j in our plasma

environment is described by the Debye-Hückel model poten-

tial:

V (ri j) =
ZiZ j

ri j

e
−

ri j
rD . (2)

In this expression, the parameter rD is the denominated De-

bye screening length and will be used hereafter as the indi-

cator of the level of screening in the environment. Neverthe-

less, it is worth noting that in plasma studies the use of its in-

verse λ = rD
−1 is quite common. This parameter is related to

the plasma frequency ωP and its thermal velocity vT through

λ = ωP/vT =
√

4πe2ne/(kBTe), where kB is the Boltzmann

constant, e is the electron charge, and ne and Te are the plasma-

electron density and temperature, respectively.

Then, for a Born initial state the transition amplitude for the

ionization process can be written as

Tf i = 〈Ψ−
f |VI|ψi〉, (3)

where the initial wave function ψi is given by the screened hy-

drogen ground state wave function φi times an incident plane

wave for the incoming projectile:

ψi =
1

(2π)3/2
eik0·r1 φi (r2) . (4)

Here r1 and r2 are the projectile electron and target electron

coordinates with respect to the nucleus. We have employed

Salvat’s code50 to obtain the ground state wave functions φi

for the different rD-values considered. This code numerically

solves the Schrödinger equation for a particle of mass M in

the field of a central potential.

The interaction potential VI is given by the non-resolved

part of the hamiltonian by the initial state ψi:

VI (r1,r2) =−
Z

r1

e
−

r1
rD +

1

r12

e
−

r12
rD , (5)

where r12 = r1 −r2 and Z is the charge of the nucleus.

Finally, the final-state wave function Ψ−
f is written as

Ψ−
f = χ− (k1,r1)χ− (k2,r2)ζ− (k12,r12) , (6)

with k12 = (k1 −k2)/2. The wave function χ− (ki;ri) with

i = 1,2 represents the final-state continuum wave function for

an electron in the field of the nucleus and is given by the fol-

lowing partial wave expansion:

χ−(ki;ri) =
∞

∑
l=0

(2l+ 1)

kiri

ile−iδl ul(ki,ri)Pl(k̂i · r̂i). (7)
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3

Here, Pl(k̂i · r̂i) are the Legendre polynomials and δl is the

phase shift with respect to the plane wave. The radial wave

function ul(ki,ri) fulfills the equation,

[

−
1

2

d2

dr2
i

+
l (l + 1)

2r2
i

+V (ri)µi

]

ul (ki,ri) =
k2

i

2
ul (ki,ri) (8)

and, together with δl , can be obtained through Salvat’s code50.

In this expression, µi is the reduced mass (either for the

projectile-nucleus or the emitted electron-nucleus subsys-

tems) and can be safely approximated to 1. The potential

V (ri), represents the interaction of an electron (either the

emitted electron or the projectile) with the target nucleus and

its functional form is given by Eq. (2).

On the other hand, the wave function ζ−(k12,r12) repre-

sents the screened projectile-electron interaction and is given

by

ζ− = χ−(k12,r12)(2π)3/2e−ik12·r12 . (9)

Since the mass of the particles in this case is the same (m1 =
m2 = 1), the reduced mass in Eq. (8) is µ12 = m1m2/(m1 +
m2) = 1/2. Therefore, to obtain χ−(k12,r12) the interac-

tion potential of Eq. (2) has been multiplied by 1/2 in Sal-

vat’s code. By doing so, we have verified that our final wave

function reduces to the well known 3C function26,51 when the

screening is removed.

To evaluate the transition amplitude Tf i, we have performed

a six-dimensional integration by the adaptive Vegas Monte

Carlo algorithm52. The wavepacket approach of Malcherek

and Briggs was used to treat the continuum-continuum tran-

sition for the projectile53. In contrast to non-screened envi-

ronments, in which the electron-electron interaction in the fi-

nal state is usually described by means of a Kummer func-

tion, or in a much simpler form, a Gamow factor23,25–27,30–34,

the present context requires the computation of a large set of

partial waves for each emission angle. As a result, the com-

putational effort needed to compute the angular distributions

increases.

III. RESULTS

In this section we present the ionization FDCS for rD val-

ues between 1 and 100 a.u.. The former value corresponds to

the most screened case we analyzed and the latter to the least

one, letting aside calculations for the unscreened case. This

range pertains to inertial confinement fusion plasmas (Te ∼
6× 106 − 108K, ne ∼ 1022 − 1026cm−3) and laser produced

plasmas (Te ∼ 5× 105 − 3× 106K, ne ∼ 1019 − 1021cm−3)54.

We consider electron impact energies of 80 eV and 150 eV.

As already stated, these energies are representative of the re-

gion at which the total ionization cross section peaks, or in

other words, the ionization probability maximizes. The anal-

ysis of the role played by the different physical mechanisms

at these impact energies is, therefore, expected to improve our

overall comprehension of the collision process. The emission
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FIG. 1. (a) Binding energy as a function of the inverse of the Debye

screening length and (b) radial distributions of the hydrogenic ground

states with charge Z = 1 for different rD values.

geometries studied involve projectile scattering angles of−4◦,

−10◦ and −15◦ and secondary electron emission energies of

5 eV and 10 eV. These have been previously considered in for-

mer experimental and theoretical analyses for the unscreened

case55,56. For a given electron emission energy, the momen-

tum transferred by the projectile during the collision increases

with the scattering angle. Therefore, most of the overall ion-

ization yield is expected to be provided by low scattering an-

gles like those considered in this work. Present studies only

consider the electronic emission in the scattering plane de-

fined by the momentum vectors k0 and k1.

In the first place, in Fig. 1(a) we present the ground state

energies of the hydrogen atom (Z = 1) as a function of the

inverse of the Debye screening length rD. As the screening

length increases (decreasing screening), the binding energy

tends to the unscreened ground state energy of atomic hydro-

gen −0.5 a.u., which corresponds to the asymptotic limit of

the Debye-Hückel model potential defined in Eq. (2) when rD

tends to infinity. In contrast, as the screening length decreases

(increasing screening), the binding energy rapidly increases

reaching an almost null value for rD = 1 a.u.. This particu-

lar value is very close to the denominated critical screening

length of 0.83991 a.u., which represents the minimum rD-

value needed for a bound state to exist in a Debye plasma

environment57. In Fig. 1(b) we analyze the radial distributions

of the ground state wave function of hydrogen as a function of

rD. It can be observed that the screening effect turns visually

noticeable only for rD values lower than 10 a.u. (λ > 0.1 a.u.),

a value at which the binding energy has already increased by
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FIG. 2. Fully differential cross sections for electron impact ionization of hydrogenic targets of charge Z = 1 embedded in Debye-Hückel

plasmas with different screening lengths as a function of the secondary electron emission angle. Left column: rD = 1−5 a.u.. Right column:

rD = 10−100 a.u.. The unscreened asymptotic limit is also presented. The impact energy is E0 = 150 eV and the secondary electron emission

energy is E2 = 5 eV. The projectile scattering angles are (a) and (b) −4◦, (c) and (d) −10◦, and (e) and (f) −15◦.

about 20 % (Fig. 1(a)). As rD decreases below 10 a.u. the ra-

dial distribution extends to larger r-values, exhibiting a strong

variation for rD < 2 a.u.. Thus, the overall physical picture

of the target system embedded in a Debye-Hückel plasma, as

the screening effect increases, is one in which the radial dis-

tribution of the electron extends to greater distances from the

nucleus with lower ionization potentials.

In Fig. 2 we analyze the FDCS corresponding to an impact

energy of 150 eV. The secondary electron is emitted with an

energy of 5 eV for the three projectile scattering angles con-

sidered. Results are shown for Debye screening lengths of 1,

1.5, 2, 2.5, 3, 4, and 5 a.u. in the left column, and 10, 20, 50

and 100 a.u. in the right column. For the unscreened case we

present calculations made with the 3CBA. In Figs. 2(a) and

2(b) the projectile is scattered with an angle θ1 = −4◦ with

respect to the incoming beam direction. As a general trend,

we observe the well known two-peak structure, conformed by

the binary peak, near the momentum transfer direction, and

the recoil peak along the opposite direction.

Starting from rD = 1 a.u., the magnitude of the cross sec-

tion increases and reaches its top value for rD = 10 a.u.. For
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FIG. 3. Compton Profiles of the hydrogenic ground states with

charge Z = 1 for different rD values.
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rD > 10 a.u., the cross section slowly decreases towards the

unscreened case results. Regarding the positions at which

the mentioned structures peak, a clear and sustained shift of

the recoil peak towards θ2 = 210◦ can be observed, suggest-

ing an increasing role of the postcollisional interaction as the

screening is decreased. In contrast, the binary peak seems

less sensitive to the screening level and exhibits a small shift

towards lower θ2-values as rD increases. The shift in this case

is attributable to the variation in direction of the momentum

transfer vector q = k0 −k1 as the Debye screening length in-

creases.

Increasing the projectile scattering angle to θ1 = −10◦ in

Figs. 2(c) and 2(d), we observe a similar behavior in the re-

coil region as a function of the Debye screening length rD,

with the magnitude of the recoil peak not showing significant

variations. In contrast, in the binary peak region we observe

a very focused and pronounced structure for the smallest rD

value considered. As rD increases, the binary peak gets wider

and smaller in magnitude until it reaches the asymptotic un-

screened limit. In Figs. 2(e) and 2(f), when the scattering an-

gle is increased to θ1 = −15◦ a similar behavior is observed

in the entire emission region, although the binary peak magni-

tude does not decrease as much as in the previous case when

the Debye screening length increases.

As a general trend, for the three different scattering angles

analyzed in Fig. 2 the binary peak gets wider as the Debye

screening length is increased. It is well known that the width

of the binary peak is linked to the Compton profile of the target

initial state58. Therefore, in Fig. 3 we show the target Comp-

ton profile calculated with the hydrogen ground state obtained

for different rD values. We observe that for rD = 1 a.u., the

Compton profile is narrow and with a large magnitude. As the

Debye screening length increases, this distribution decreases

its magnitude and gets wider. In this sense, we can attribute

the widening of the FDCS in Fig. 2 as rD is increased, to

the widening of the Compton profile of the target initial state

observed in Fig. 3.

The main difference observed when the scattering angle is

increased from −4◦ in Figs. 2(a) and 2(b) to −10◦ (Figs. 2(c)

and 2(d)) is that the binary peak of the FDCS for the most

screened case (rD = 1 a.u.) considerably increases its mag-

nitude. The binary peak can be viewed, in a classical rep-

resentation, as resulting from a binary collision between the

projectile and the bound electron. To shed light on this behav-

ior, in Fig. 4 we analyze the magnitude of the binary peak as

a function of the Debye screening length for the three scatter-

ing angles considered. For θ1 = −4◦, the probability to emit

an electron in a binary encounter is minimum for rD = 1 a.u..

Increasing the Debye screening length, we observe that this

probability increases until it reaches a maximum for rD = 10

a.u., after which it begins to decrease towards the asymptotic

unscreened limit, as we observe in Fig. 2(b). On the other

hand, for θ1 = −10◦ this probability is strictly descendent,

with the maximum value attained for rD = 1 a.u. The same

occurs for θ1 = −15◦, but with this probability remaining al-

most constant.

We can explain these differences for rD = 1 a.u., by ana-

lyzing the momentum vectors of this process. The secondary

 1 = -4°
 1 = -10°
 1 = -15°

1 10 100
0

1

2

3

4

5

6

7

8

9

10

FD
C

S 
(a

.u
.)

rD (a.u.)

FIG. 4. Fully differential cross section binary peak magnitude as a

function of the Debye screening length for three different scattering

angles. The impact energy is E0 = 150 eV and the secondary electron

emission energy is E2 = 5 eV. The horizontal arrows indicate the

unscreened asymptotic limits.

electron can only be emitted with momentum k2 in a binary

encounter with the projectile, if the momentum transfer from

the projectile to the target is sufficient for this process to take

place (|q| > |k2|). If |q| < |k2|, the emission can be reached

only via momentum exchange with the nucleus. Hence, when

the electron and the recoil ion interaction is minimized, as it

occurs for the most screened case rD = 1 a.u., then the sec-

ondary electron finds no possible source to acquire the amount

of momentum needed to be emitted with the energy under con-

sideration. In the three cases analyzed in Fig. 2 the secondary

electron leaves the collision region with momentum magni-

tude |k2| = 0.606 a.u., while the momentum transfer magni-

tude |q| for a Debye screening length of rD = 1 a.u. is 0.237

a.u., 0.576 a.u. and 0.861 a.u. for θ1 =−4◦,−10◦, and −15◦,

respectively. In this sense, we can see that for the smallest

scattering angle considered the momentum transfer is smaller

than the emitted electron momentum and electronic emission

can only be attained thanks to the Compton profile of the tar-

get electron. Therefore, the probability that ionization occurs

for θ1 = −4◦ becomes low compared to the θ1 = −10◦ case,

in which the momentum transfer magnitude is close enough to

the emitted electron momentum, and the ionization of the tar-

get can take place with almost no participation of the nucleus.

For θ1 =−15◦ the projectile momentum transfer is larger than

k2 and the nucleus needs again to take part in the momentum

exchange for the process to take place.

As the Debye screening length is increased, the interaction

between the secondary electron and the recoil ion gains rel-

evance and changes in the binary-recoil ratios are expected,

leading to variations in the magnitude of the binary peak.

For θ1 = −4◦, the extended spatial range of the electron-
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FIG. 5. Same as Fig. 2, but for E2 = 10 eV. Left column: rD = 1−4 a.u.. Right column: rD = 5−100 a.u.. The unscreened asymptotic limit

is also presented.

nucleus interaction increases the probability of momentum

exchange among particles. As a result, the binary peak in-

creases, exhibits a maximum and then decreases towards the

unscreened limit. The latter suggests that as the screening

length increases, different emission geometries are favoured.

For θ1 = −10◦, in which the classical binary encounter con-

dition is almost fulfilled, and the classical picture of a binary

encounter followed by a secondary collision of the already

emitted electron with the nucleus gains relevance, the maxi-

mum value is attained for rD = 1 a.u. The fact that the binary

peak magnitude decreases with increasing rD can be also un-

derstood in terms of the increasing role of the secondary colli-

sions between the emitted electron and the target nucleus, and

can inferred from the appearance of a recoil peak. The same

situation applies to θ1 = −15◦, although now the recoil ion

plays a role at all times.

In Fig. 5 we increase the emitted electron energy to 10

eV. In this case, the emitted electron momentum is 0.857 a.u.

and the projectile momentum transfers for rD = 1 a.u. are

0.255 a.u., 0.580 a.u., and 0.859 a.u., for θ1 =−4◦,−10◦, and

−15◦, respectively. While in general terms the FDCS follow

the same trends already described for the 5 eV case, it is worth

highlighting some points regarding these new geometries. For

 1 = -4°
 1 = -10°
 1 = -15°
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FIG. 6. Same as Fig. 4, but for E2 = 10 eV.
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FIG. 7. Same as Fig. 5, but for E0 = 80 eV and E2 = 5 eV.

θ1 = −4◦ (Figs. 5(a) and 5(b)) a recoil peak is obtained for

rD = 1 a.u. but no binary peak is present. Again, this partic-

ular geometry requires the momentum exchange between the

emitted electron and the target nucleus to take place. Com-

pared to the 5 eV case, the amount of momentum the nucleus

needs to provide to the electron to be emitted with 10 eV is

now larger, and cannot be solely attained from the Compton

profile of the target electron. The small recoil peak is conse-

quence of the small spatial window in which a secondary col-

lision can take place. For θ1 =−10◦ (Figs. 5(c) and 5(d)) the

binary peak for rD = 1 a.u. is no longer as large as for the 5 eV

case with respect to the other Debye screening lengths. In this

case, the magnitude of this peak increases until rD = 3 a.u.,

after which it decreases towards the asymptotic unscreened

limit. The classical binary encounter, now happens to occur

for θ1 =−15◦ when the emitted electron energy is 10 eV, and

no recoil structure is observed. The binary peak for rD = 1

a.u. is the highest and narrowest one, and then it decreases

its magnitude towards the asymptotic unscreened limit. These

statements can be corroborated and further analyzed by in-

specting the magnitude of the binary peak against the Debye

screening length for the three different scattering angles, what

is shown in Fig. 6.

In order to analyze if all these features are consistent at
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FIG. 8. Same as Fig. 4, but for E0 = 80 eV and E2 = 5 eV.
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FIG. 9. Same as Fig. 5, but for E0 = 80 eV and E2 = 10 eV.

lower impact energies, we calculate FDCS at an electron im-

pact energy of 80 eV. In Figs. 7 and 8 we consider an emitted

electron energy of 5 eV. In this case, the emitted electron mo-

mentum magnitude is 0.606 a.u. and the momentum transfer

magnitudes for rD = 1 a.u. are 0.185 a.u., 0.423 a.u., and 0.628

a.u., for θ1 =−4◦,−10◦, and −15◦, respectively. The ratio of

the momentum transfer magnitudes with respect to the elec-

tron momentum are almost the same as in the previous case,

when the impact energy was 150 eV and the secondary elec-

tron was emitted with 10 eV. Hence, we expect similarities to

appear between these two cases. Nevertheless, we observe in

Fig. 7(b) that at rD = 10 a.u. the binary-recoil peak ratio in-

verts, and the recoil peak remains larger than the binary peak

until the asymptotic unscreened limit. It is worth mentioning

that a larger recoil peak was observed for 54.4 eV electron im-

pact ionization of unscreened hydrogen31,56 and therefore this

feature was not unexpected at the impact energy explored.

In Figs. 9 and 10 we complement our analysis at the impact

energy of 80 eV, by increasing the emission energy to 10 eV.

We note in this case that the inversion of the binary-recoil peak

ratio for θ1 = −4◦ takes place at a larger rD value compared

to the 5 eV case. Moreover, the maximum of the binary peak

is not attained for rD = 1 a.u. for any of the three scattering

angles considered. This can be again explained by taking into

 1 = -4°
 1 = -10°
 1 = -15°
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FIG. 10. Same as Fig. 4, but for E0 = 80 eV and E2 = 10 eV.
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FIG. 11. Scaled fully differential cross section for electron impact

ionization of several hydrogenic targets of charge Z as a function of

the secondary electron emission angle into the scattering plane. The

impact energy is Z2×150 eV, the secondary electron emission energy

is Z2×5 eV and the projectile scattering angle is −4◦.

account that at rD = 1 a.u. the momentum transfer magnitudes

are too small with respect to the emitted electron momentum.

Finally, we focus on the influence of the nuclear charge Z on

the behavior of the FDCS for electron impact ionization of hy-

drogenic targets embedded in a Debye-Hückel plasma. Scal-

ing laws involving the continuum of two-electron ions were

first developed by Kornberg and Miraglia in the context of the

photo-double ionization process59, and later on generalized

for fast electron impact ionization of unscreened hydrogenic

and helium-like ions60,61,

d5σ

dE2dΩ1dΩ2

(E0,Z)→
1

Z6

d5σ

d(E2/Z2)dΩ1dΩ2

(E0/Z2,1).

In what follows, we analyze whether or not this scaling is

still valid for hydrogenic targets embedded in Debye-Hückel

plasmas. For these type of targets, Qi and co-workers54

proposed the scaling transformations ρ = Zr, δ = ZrD and

ε = E/Z2 to analyze the plasma screening effects on the prop-

erties of bound-bound transitions. In this sense, we employed

the same transformations to our theoretical method in order to

study the behavior of the FDCS.

In first place, we calculated the ionization FDCS of

screened hydrogenic targets considering different values for

the nuclear charge Z at an impact energy E0 = Z2×150 eV,

an emitted electron energy of E2 = Z2×5 eV and a projectile

scattering angle of −4◦. The obtained results are presented

for a fixed δ value of 10 a.u. and 5 a.u., in Fig. 11(a) and

Fig. 11(b) respectively. Clear convergence is achieved as the
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FIG. 12. Same as Fig. 11, but for an impact energy of Z2×80 eV.

nuclear charge Z increases. Similar results are obtained at the

lower impact energy of Z2×80 eV hereby explored, and are

shown in Fig. 12. In both cases, convergence seems to be

attained faster for lower δ values. A point worth mentioning

though, is that the scaling is meaningful only for δ > 0.83991

or, in other words, when rD is greater than the critical Debye

radius for the Debye-Hückel potential57.

IV. CONCLUSIONS

In this work, FDCS for electron impact ionizing collisions

on atomic hydrogen embedded in weakly coupled plasmas

were studied at impact energies of 80 eV and 150 eV. A

Born-type distorted wave model which explicitly considers

the screening effect among the three interacting particles in

the final state was introduced and tested for different emission

geometries.

Special emphasis was made in analyzing the sensitivity ex-

hibited by the binary and recoil peaks, in both peaking po-

sition and width, to the degree of screening. As a result,

for larger screenings binary peaks clearly reflect the Comp-

ton profile of the target. Recoil peaks, on the contrary, gain

relevance as long as the screening decreases, provided that

secondary collisions need a spatial window for momentum

exchange to take place. Present results suggest that the mag-

nitude of the binary peak, and the FDCS as a whole, seems to

depend strongly on how similar or distinct are the projectile

momentum transfer value and the emitted electron momen-

tum under consideration.

A scaling law for the fully differential cross section in terms

of the nuclear charge, first proposed by Kornberg and Miraglia

in the photo-double ionization context, and later on proved
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valid for electron impact ionization of H-like and He-like ions,

has been shown to also hold in the present screened context.

Our work brings insight into the physical mechanisms that

mediate electronic emission processes in Debye plasmas, and

are therefore expected to be relevant for astrophysical and lab-

oratory plasmas. In addition, the theoretical treatment hereby

introduced can be naturally extended to other target systems,

as long as it is restricted to the one-active electron approxima-

tion, and opens a challenging field for two (or more) active

electron descriptions. It is our hope that the present find-

ings will stimulate further experimental/theoretical work in

the field.
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