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ABSTRACT: We consider classical circular Rydberg states of a hydrogenic atom/ion under collinear electric and magnetic
fields of arbitrary strengths, the entire system being immersed into a plasma with the Debye screening. We show in detail
how the screening decreases the value of the critical electric field required for the ionization at different values of the
magnetic field. Our results should have a fundamental importance because hydrogenic atoms/ions under external fields
remain a test-bench for atomic physics. Also our results could motivate experiments on the magnetic control of the
“continuum lowering” in cold Rydberg plasmas, this being of practical importance.
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1. INTRODUCTION

In paper [1] there was a study of a hydrogen-like system with the stationary nucleus of charge Z at the origin
subjected to collinear electric (F) and magnetic (B) fields, the z-axis being chosen along the direction of F (F, > 0).
The Circular Rydberg States (CRS) of the electron were considered: the orbit, whose plane is perpendicular to Oz,
has radius p and its center is on Oz at some point z.

In paper [1] the author derived analytical expressions for the energy E of classical CRS of hydrogenlike systems
in collinear electric (F) and magnetic (B) fields of arbitrary strengths. He also offered formulas for the dependence
of the classical ionization threshold F (B) and of the energy at this threshold E (B) valid for the magnetic field B of an
arbitrary strength. In addition, for two important particular cases — classical CRS in a magnetic field only and
classical CRS in an electric field only — some new results were presented in paper [1] as well.

In the present study, the same configuration as in paper [1] is considered to be submerged into a plasma with the
Debye screening. We show in detail how the Debye screening decreases the critical value of the electric field
required for ionization at various values of the magnetic field. Both the electric and magnetic fields are considered to
be of arbitrary strengths, as in paper [1].

2. RESULTS

For a hydrogen atom or a hydrogen-like ion, the allowance for the Debye screening is effected by replacing the
Coulomb potential with the screened Coulomb potential:
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International Review of Atomic and Molecular Physics, 10 (2), July-December 2019 / 73



N. Kryukov and E. Oks

where a is the parameter of the plasma called the screening length (atomic units are used in this study: 7 = e =m_ = 1).
In the cylindrical coordinates, the classical Hamiltonian from paper [1] can be rewritten in the form
2 Z 0%p?
H(p, z)= —— eVPFE/a | Fp 4L 4P

20 o 2 @)

where Q = B/(2c). Here L = const, it is the Z-component of the angular momentum, and £ is the Larmor frequency.
With the scaled quantities
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the expression for the Hamiltonian takes the following form:
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The conditions for the dynamic equilibrium are
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From the first equation in (5) we obtain

w(l + WwZ + p2)e MW

F= (w2 + v2)3/2 (6)
from where we see that for f > 0, w < 0. From the second equation in (5) we obtain
(1 + AWw? + v2)e WwiH? 5
(w2 + v2)3/2 Tt = e (7)
From (6) and (7) a more simple relation can be derived:
f 1
WP —==— (8)
w v
which is independent of ), . From here we obtain the value WMV, f, ®) corresponding to the equilibrium:
f
w(v, f,») =
0 - ©)
v

Then we substitute this equilibrium value of w into (6) and obtain an implicit equation for f(Vv, ®), which can be
presented in the following form:

1
e M (14 M) = —(0? — k3 (10)

where
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k= v+ (———)?
oL (11)

We numerically solve this equation and obtain the value f(v, ®, A). Then we substitute this value into win (9),
getting WV, , ) and then substitute the resulting values of f and winto (4), obtaining the value of energy &(V, ®, A)
corresponding to the equilibrium. Thus, we obtain the parametric dependence &(f) with the parameter v for the given
values of  and A.

Figures 1 and 2 show the dependence g(f) atA=0.3 foro =1 and o = —1.
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Fig. 1. The plot of the parametric dependence &(f) at L = 0.3 for @ = 1 (solid curves) compared to the same plot at A = 0 (dashed
curves).

0.0 : ' S : ' W
\ 01 02 03 04 05 06 07

Fig. 2. The plot of the parametric dependence £(f) at . = 0.3 for ® =—1 (solid curves) compared to the same plot at A =0 (dashed
curves).

The plots obtained for ) = 0 coincide with the corresponding plots in [1]. From the plots it is seen that the
screening decreases the critical value of f required for ionization, because the screening lowers the continuum. To

observe this effect more clearly, we made the similar plot, shown in Figure 3, for the case of ¢ = 0 to remove the
stabilization effect of the magnetic field.
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Fig. 3. The plot of the parametric dependence g(f) at L = 0.3 for ©® = 0 (solid curves) compared to the same plot at A = 0 (dashed
curves).

We can see that the screening decreases the critical value of the electric field by a greater value in the case of
w =0.

Next, we follow the procedure given in [1] to find the dependence of the critical value of f, f, on the scaled
magnetic field o . We can use either g&/gVv =0 or 3f/3Vv= 0 to find the scaled radius of the orbit corresponding
to f; we use the first equation here, which yields

4 1 dk
E(kz_vz): (G)Z—F)(U—kﬁlc) (12)

where K is the solution of (10), and (dk/dv)|, can be found by differentiating (10) with respect to v:

ak, ak3
dke, __
4y vS Qe — M(1+ k) + 3k2(? — ) (13)

Substituting (13) into (12) with k being the numerical solution of (10), we solve the resulting equation numerically
for v to obtain the value V (o, A) corresponding to the ionization threshold. Substituting it further into the expression
for the electric field f(v, o, 1), we obtain the dependence f (®, A) of the critical electric field on the scaled magnetic
field @ for a given value of the screening parameter A.

Figure 4 shows the dependence of the critical electric field f_ on the scaled magnetic field @ for the values of

A =0, 0.4 and 0.6. It is seen that the screening decreases the value of the critical electric field.
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Fig. 4. The plot of the dependence f (w) at & = 0 (blue, thin top curve), A= 0.4 (green, thicker middle curve) and % = 0.6 (red,
thick bottom curve).
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Fig. 5. The plot of the dependence |o|(f) at A = 0 (blue, thin bottom curve), A= 0.4 (green, thicker middle curve) and X = 0.6
(red, thick top curve).

The plot in Fig. 4, as well as our corresponding calculations, can be used for finding the critical electric field for
the ionization at different values of the magnetic field and of the screening parameter. The plot in Fig. 5, as well as
our corresponding calculations, can be used for finding the magnetic field at different values of the critical electric
field for the ionization and of the screening parameter.

3. CONCLUSIONS

We considered classical CRS of a hydrogenic atom/ion under collinear electric and magnetic fields of arbitrary
strengths, the entire system being immersed into a plasma with the Debye screening. We showed in detail how the
screening decreases the value of the critical electric field required for the ionization at different values of the
magnetic field.

Our results can be used for finding the critical electric field for the ionization at different values of the magnetic
field and of the screening parameter. Alternatively, they can be used for finding the magnetic field at different values
of the critical electric field for the ionization and of the screening parameter.

Our results should have a fundamental importance because hydrogenic atoms/ions under external fields remain
a test-bed for atomic physics. As for the practical importance, it should be due to the fact that the results could
motivate experiments on the magnetic control of the “continuum lowering” in cold Rydberg plasmas.
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