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Abstract

:

The Coulomb-dipole theory of positron vs. electron impact ionization of hydrogen (as a proxy for neutral atoms) is reviewed, emphasizing how the analytic form of the threshold law (but not the magnitude) can be the same, whereas the physics of each is entirely different.
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Threshold laws have been examined over a long period of time. It is not the purpose of this note to review the literature, but rather to concentrate on our own [1,2] approach and, in particular, to show how it applies to both positron as well as electron impact ionization, and to compare it with results from other Wannier [3] (electron) and modified Wannier (positron) approaches [4] to threshold laws for positron vs. electron impact ionization.



We start with the basic formula for the yield of two particles emerging from an initial state (   Φ i   ):


  Q ( E ) =     ∫    ∫     ‖  M E  ‖      2  δ ( E −   k →  1    2  −   k →  2    2  )  d 3   k 1   d 3   k 2   



(1)




where the transition matrix element is


  M E =   ∫     ∫           Ψ f  (   k →  1  ,   k →  2  ,   r →  1  ,   r →  2  ) [  V t  (   r →  1  ,   r →  2  ) −  V i  (   r →  1  ,   r →  2  ) ]  Φ i  (   r →  1  ,   r →  2  )  d 3   r 1   d 3   r 2   



(2)







The ME is expressed in final state form, whereby    Ψ f    is, in principle, the exact solution of the Schrodinger equation, (potential Vt);    Ψ f    is normalized as a plane (s-partial) wave with unit amplitude at infinity, and    Φ i    is the initial state before the interaction has taken place. Let us deal with electron/positron impact ionization of hydrogen. Then, the (s-wave) initial state is


   Φ i  =   sin (  k i   r 1  )    k i   r 1     ϕ  10   (  r 2  )  



(3)







Which implies (in Rydberg units)


   V i  = −  2   r 2     



(4)







So that


  V t − V i = ∓  2   r 1    ±  2   r  12      



(5)




where the upper sign refers to electron and the lower sign positron scattering. Thus, the ME becomes explicitly


  M E = ∓   ∫    ∫   Ψ f    ∓  (   r →  1  ,   r →  2  ,   k →  1  ,   k →   2   ) (  2   r 1    −  2   r  12     )   sin (  k i   r 1  )    k i   r 1     ϕ  10   (  r 2  )  d 3   r 1   d 3   r 2         



(6)







This shows explicitly how the ME, from which the threshold law is derived, relates to the exact solution,   Ψ f   , of the Schrodinger equation. The Wannier law [3] does not deal directly with the wave function, but is (in my opinion) a brilliant analysis of the final state treated as a classical system. For electron-atom (ion) ionization, it gives the well-known threshold law


   Q −     ( W )   ( E ) ∝  E  −  1 4        +  μ 2       |     μ =  1 2    [   100 − 9   4 z − 1   ]    1 2      ∝  E  1.1268    



(7a)




where z = charge of the residual ion (z = 1 for neutral atom, specifically H, ionization). For positron impact, the classical theory is quite different, and Klar [4] has derived


   Q +  ( E ) ∝  E  2.65 …    



(7b)







However, the classical assumption is not, in my opinion, fully justified. We believe the threshold is controlled by the region of phase space in which the outgoing particles do not share the available energy equally (i.e., the symbol  ⊳  means between a factor 2 and 10). In this region, the faster particle sees the slower particle plus the residual ion as a unit, which is a dipole, whose dipole moment is the distance of the slower particle from the residual ion. At the same time, the slower particle sees the residual ion directly, i.e., it is a pure Coulomb wave. Thus, the name Coulomb-dipole (CD) theory. Mathematically, this derives from the fact that the potential reduces as below in the CD region


   V t  = ∓  2   r 1    −  2   r 2    ±  2   r  12     ≅ −  2   r 2    ±   2  r 2     r 1 2    cos (  ϑ  12   )  



(8)







For electron/positron impact,    ϑ  12   = π / 0  . This says in the electron case that the two outgoing electrons repel each other and come out on opposite sides of the residual ion (the proton in the case of hydrogen), but with one electron much farther out than the inner electron, such that it sees the inner electron and the residual ion as a dipole facing away from the faster, outgoing electron, whereas in the positron impact case the outgoing positron is the faster particle and it sees the dipole formed by the slower electron and the residual ion facing toward the faster particle. In both cases, the potential between the faster particle and the dipole is attractive; thus,


   V t  −  V i  ≅ −   2  r 2     r 1 2     



(9)







Thus, the dipole moment seen by the faster particle is = 2r2. At the same time, the slower particle (an electron in both cases) comes out seeing the full charge of the residual ion (as a pure Coulomb wave). The associated wave function is


   Ψ f  ∝  F d  (  r 1  ,  r 2  ,  k 1  )  F c  (  r 2  ,  k 2  )  



(10)







This is so in both cases. Thus, the matrix element reduces to


  M  E  C D   ( E ,  k 1  ,  k 2  ) ∝    ∫ 0 ∞    r 1    2  d  r  1      ∫ 0   1 2   r 1      r 2    2  d  r 2   F d  (  r 1  ,    r 2  ,  k 1  )  F c  (  r 2  ,  k 2  ) [ ∓  2   r 1    ±  2   r 1  ±  r 2    ]      sin (  k i   r 1  )    k 1   r 1     ϕ  10   (  r 2     )  



(11)







In (11), we have switched to the SSCL (Spherically Symmetric Contra/Co Linear) model [5], wherein the interaction    2   r  12     →  2   r 1  ∓  r 2     , and in the CD region (   r 1  ⊳  r 2    ;  k 1  ⊳  k 2   ) the interaction in (11) reduces to   −   2  r 2      r  1   2      (in the first approximation) in both cases (i.e., an attractive dipole). Thus, finally the CD matrix element reduces to


  M  E  C D   ( E ,  k 1  ,  k 2  ) ∝    ∫ 0 ∞    r 1    2  d  r  1      ∫ 0   1 2   r 1      r 2    2  d  r 2   F d  (  r 1  ,  r 2   k 1  )  F c  (  r 2  ,  k 2  ) [ −   2  r 2     r 1    2    ]      sin (  k i   r 1  )    k 1   r 1     ϕ  10   (  r 2     )  



(12)







From (12), it is clear that both the electron and positron threshold laws will have the same form. The derivation of the threshold law from (12) via Equation (1) is given in Ref. [1,2]; it is


   Q ±  ( E ) ∝  E    ( ln ( E ) )  2    [ 1 + C sin ( α ln ( E ) + β ) ]  



(13)







Note first that (13) is not a pure power law. However, it is important also to realize its limitations, which are contained in (12) where the proportionality constant and limits of integration imply:




	(a)

	
The constant of proportionality as between positron vs. electron impact ionization will be entirely different. (The respective Schrodinger equations are different. It is only in the respective CD regions that the wave functions have a similar form, cf. Equation (10); I would expect the electron to be much larger than the positron constant of proportionality.)




	(b)

	
The energy distribution cross section, from which (13) is derived does not include the non- CD region    k 1  ≥  k 2  ≥  1 2   k 1   . This means a major part of the energy distribution (cross section) is not included. Specifically, when  ⊳  is interpreted > 2, we find for k22 > (1/5)E that the energy distribution is not covered by the CD theory. The part that is covered has the following form [4]:


   σ E  ( ε ) ∝   [ 1 + cos ( α ln ( ε ) + β ) )     ( ln ( ε ) )  2    ]  



(14)













In (14),  ε  is the energy of the slower electron in the region  ε  < E/5. Nevertheless, the area under this restricted part of the energy distribution curve is, according to the CD theory [1], larger than the area under the middle part, which is the dominant contributor to the total yield curve in the threshold limit (E → 0) [6,7].



We conclude by noting that a recent numerical calculation of the positron-atom impact cross section at very low energies by Bray et al. [8] gives results that are consistent with Klar’s prediction. On the other hand, an experiment on positron-argon ionization [9], with an energy resolution not fine enough to test the modulation of the CD theory, found linear dependence, which is consistent with the CD theory [1,2] in the first approximation.
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