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Quantum transport equation for impact-

ionization processes are formulated in the 

actor-spectator description.  The density-matrix 

formalism is adopted to treat both coherent and 

incoherent effects.  Quantum electrodynamic 

effects are also considered for high-temperature 

scenarios.  Electron-impact ionization of U91+ 

and proton-impact ionization of H are given as 

examples. 

ABSTRACT 



3 

We start from the relativistic equations 

of motion governing quantum collision 

processes in many-particle systems [1] 

and formulate the relativistic quantum 

transport theory in an ab initio manner. 
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1. Introduction  
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To demonstrate the importance of 

correlations in a many-particle system, 

let us imagine a person is such a system. 

We want to determine the properties of 

one particle in that person by the response 

of that particle to an external stimulus. 

Fig. 1 shows what would happen. 
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Fig. 1  Actor-Spectator Description  
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Those parts of the many-particle system 

which are observed or measured will be 

called the active particles while the rest 

called the spectator particles.  Our 

equation of motion is in a sense the 

quantum-version of the Boltzmann 

transport equation. 
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In the present approach, active particles 

are modulated by spectator particles such 

that the bare propagator for active 

particles becomes the dressed propagator.  

In other words, equations of motion are 

then derived for the dressed propagator.  

Bare and dressed propagators are 

presented symbolically in Fig. 2. 
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Fig. 2  Bare and Dressed Propagators  
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Any reaction, such as  

                                                                   (1) 

may be formulated by a collision equation 

as 

                                                                   (2) 

where       denotes the final state,       the 

initial state, and       represents the 

scattering-matrix of this reaction.  

2. Collision Equation 



10 10 

In the actor-spectator description, an 

N-particle system is formally devided into 

two parts: n active particles and N-n 

spectator particles.  Therefore,        is in 

fact a summation over matrix elements of 

operators        between configurations        

and        , denoted symbolically as 

3. Actor-Spectator Description of 

Many-Particle Systems  
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                                                                   (3) 
 

where                       is a sum of one-

particle operator       and two-particle 

operator      .  For symmetric cases, 

operators       and       have the general 

forms, 
 

                          ；                                     (4) 
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In terms of N-particle wave functions, 

we have the full transition matrix for the 

N-particle system defined as 

 

 

                                                         (5) 

where                       

4. Transition Matrices 
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The reduced transition matrix, or 

called specifically the nth-order transition 

matrix, is in turn defined as 

 

                                                               (6) 

 

 

where                  with intrinsic variables, 

such as spin, included implicitly. 13 
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Here              denotes taking the trace of 

the operator     in any specific represen-

tation over k particle variables.  The nth-

order transition matrix                              

is the dressed propagator for n active 

particles, and the dressing of the 

propagator for n active particles is carried 

out formally by taking ensemble average 

over N-n spectator particles.  
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                                                                   (7) 

 

 

                                                                   (8) 

 

In summary, knowing               and 

                 is all that is needed to evaluate 

the S-matrix       for any collision process. 

5. Evaluation of the S-Matrix  
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By taking ensemble average over 

spectator particles, we obtain in general 

           

                                                                  

(9) 

 

were  

This is our relativistic equation of 

motion for the nth-order transition matrix 

[1]. 

6. Relativistic Equations of 

Motion for Transition Matrices 
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The relativistic equation of motion for 

the first-order transition matrix  is 
 

                                                                 

(10) 

which may be given in time-

independent form as 
 

  

                                                                 

(11) 
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Here        and          denote one-particle 

and two-particle operators in the total 

Hamiltonian of the N-particle system, 

 
 

                                                                 (12) 
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The relativistic equation of motion for 

the second-order transition matrix           

is 
 

                                                                 

(13) 
 

which has the time-independent form 
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                                                                 (14) 
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The election-impact ionization of the 

hydrogen-like U91+ is described by the 

reaction 

                                                                 

(15) 

The electromagnetic interaction  

between charged particles arising from 

the exchan-ge of one photon may be 

summarized in the QED theory as the 

Coulomb interacti-on plus transverse-

photon interaction [2], 

7. Applications 
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                                                                 (16) 
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The QED cross sections of electron-

impact ionization for hydrogen-like U91+ 

have been calculated, and is shown in 

Fig. 3.  Our results agree quite will with 

experiment [3, 4] and with available 

theoretical data [5, 6].  
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Fig. 3  Electron-Impact Ionization of U91+  



25 25 

The proton-impact ionization of 

hydrogen has been calculated in the 

present formulation, and the results are 

presented in Fig. 4. There is an excellent 

agreement with experiment [7, 8, 9]. 
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Fig. 4  Proton-Impact Ionization of Hydrogen 
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A relativistic quantum transport theory 

for many-particle systems has been 

proposed to treat particle-correlation and 

relativistic effects in an ab initio manner. 

The ensemble average over spectator 

particles of the many-particle system is 

formally carried out from the outset to 

reduced the problem only to that of active 

particles. 

8. Conclusion 
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Important characteristics of this 

approach may be summarized as follows.  

1. Applicable to both closed- and open-

shell many-particle systems. 

2. Gauge independent for radiative 

transitions. 

3. Fine structures and spin polarizations 

are built in. 
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4. Both discrete- and continuum-state 

correlations are dealt with. 

5. Multi-electron excitations are 

incorporated. 

6. Initial- and final-state correlations are 

treated on an equal footing. 

7. Core polarization and shielding effects 

are included self-consistently. 
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An approximation to the present 

approach, called the multiconfiguration 

relativistic random-phase approximation 

(MCRRPA), has been applied to 

photoexcitation and photoionization with 

great success.  We have further 

incorporated quantum electrodynamic 

effects perturbatively in the formulation.  
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Our results for the electron-impact 

ionization of U91+ agree well with existing 

experimental and theoretical data.  The 

proton-impact-ionization cross sections of 

hydrogen are calculated including recoil 

effects and are in excellent agreement 

with available data.  
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