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ABSTRACT

Corrections to the Lamb shift occurring in plasma surroundings are
discussed.

AHHOTALINA

Bbinin ornpeaeneHsl norpaBkn CMeEWeHUA Nlemba B OKPYyXeHnn nna3mbl.

KIVONAT

A Lamb eltolddas plazma kornyezetben keletkez6 korrekcidit téar-
gyaljuk.



In the last ten years several publications have
appeared detailing Lamb shift measurements in hydrogenics up

to z = 181+

. The experimental techniques utilized suggest that
the correction caused by the microphysical surroundings, 1i.e, by
real photons, free electrons and ions being present be taken into
account. The temperature dependent part of the Lamb shift was
calculated in the case of black body radiationa’h- In the above

mentioned experimentsl'2

the photon spectrum is not like a black
body one, but is reminiscent rather of the speotra radiated by
plasmas. In view of this, we discuss corrections to the Lamb
shift occurring in plasma surroundings, especially in low density
plasmas.

To get the effect of the photons we use the nonrelati-
vistic Lamb shift correction formula of Walsh3 obtained for the
case of black body radiation
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where uj denotes the frequency and «k the wave number of the
photons, N(io) 1is the photon occupation number, e~ 1is the
polarization vector of the photons and dR”™ is the unit solid
angle 1in the K space. The energies of the stationary states

of the hydrogen-lilce systems are denoted by En and the energy
of the iInvestigated state is Em, The Pom is the matrix element
of the -ihV operator and d. is the fine structure constant.

Instead of the formula of the black body radiation:
N(w) = (ehw/KT _ i)”1

we substitute the occupation number of the plasma radiation N?Qmo



into (1), The NP(to) is obtained from the spectral energy
densities of the transverse and longitudinal waves ( u~T and uwlL)

using the following identity

dio = ——-— d3k 2
fu io (Zr)g J[feaNP (o) @)

and the dispersion relations of the transverse and longitudinal
photons. The low frequency limit of the plasma radiation gives
the dominant effect and we use the spectral energy density formu-
lae of this extreme caseK. The transverse and longitudinal photon

numbers are
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where to™ 1is the plasma frequency, T the electron temperature,

K the Boltzmann constant and X g ti<V(En*“ Em), Putting (3) and
e into (1), using the Kk,j,dkT= ig<od<o and the k~dk"= — 4g)dcko

u K 3u 2
identities obtained from the dispersion relations3 (where u a KT/m)

and the formulae

Arlg J2 for transverse photons
* b P €))

< ., A )<deb=
*3 Ipnnd Y°r Z*onSMud”™na”™ Photons

we obtain the shift caused by the transverse and longitudinal

photons present in the plasma radiation
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with Y = p/(En- Em). The choice of Y as the lower limit in
integral (8) expresses the fact that all photons having frequency
M ﬁp are absorbed. The integral in (6) gives zero thus
ﬂEmT: 0 and the shift is caused solely by the longitudinal
photons. In low density plasmas the relation Y « 1 holds,
therefore 1(y) <can be written approximately as | = -2 £nY.
Using the identity P = —im(E - E )x /li, the level shift of
the state m 1is

n(E - E ) 0

nE = 6i|(i<opx —_— nj_z- S-WwT 12 2 In E - E, O

where x m is the dipole matrix element. The concrete forms of

the level shifts in the 2S and 2P states are
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n is the principal quantum number and the quantities N?&’ &E?

and r'"2 are expressed in atomic units™. The energy shift

difference JI= UE2S- iiE2Pp 'S
2i3 _ -
J 2 2, i ko T37T ns(n - 2)2n-6 4 4 @
Ir"p1 n>2  (n + 2)2n+6 ¢4l

and it has no Z dependence



Another effect of the electron density is a shielding
of the Coulomb potential of the nucleus. The Debye-Hickel poten-
tial for an electron in the shielded field of an ion of charge

Ze 1s

V(r) d0
where d is the Debye length,

d = (KT/htn e2)1//2 , (15)

n* and T are the density and temperature of the free electron
gas, respectively. The energy levels of pure Coulomb potential
are shifted because of this shielding. A useful approximate

7
formula of these level shift is obtained by Smith in the form

of a power series 1in aQ/d ( aQ the B°hr radius )
£l £l
LEnE= N2~p - jyjp02 \ [3n2- +1)] + higher order terms ) .(16)

The level shift difference between the 2S and 2P states

caused by the shielding 1is

V - 1(>2- <>

The Lamb shift and its change by the Stark effect is
discussed by Bethe and Salpeter for the case of weak external

Q
fields . Their result for the “ 2©Pl/2 splitting is

4E(2S1/S- aPl/2) =1 1 i . ('= <l(ha-1)(nm)Ve2al|)l/a] _ (18)

where E is an external electrostatic fTield, e 1is the unit
charge, n and m are the principal and the magnetic quantum
numbers respectively, and L is the Lamb splitting without

external Tfield. 1In our case E is the sum of two terms
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where Eexf is the applied external field and Exghs %)g&{rﬁ;
is the electrostatic field produced by a perturber ion of Z e
charge. The total change of the Lamb shift caused by all the
ions present can be obtained by taking the average of (18) with
the ion-distribution function, normalized to unity, giving the
probability of finding a perturber ion at a distance rP from
the hydrogen-like ion’

dp£). .-<Vr> @0)

.

where the quantity p 1is defined by

3kt nP= ?_3 @1)

and n”~ is the density of the perturber 1ions. The cross term
from the average vanishes because of symmetry considerations, and

the Lamb splitting takes the form

AE(2S1y2-2P172)= Jlri + (1 + |F + jb iox—Z/S e"de)1 22)
where x = r/p
b = 16(n2- 1)(nm)222R2 (~)*V12, (23)
where R = men/2fe2 and

F = Ia‘(nz— i]tnmj\2—_E§X1_,e2612/L2 . 20

0

Thus the change of the 2~1/2  splitting due to the ion

cloud is

cB= Jb T(]L (25)
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The total correction to the Lamb shift occurring in

plasma surroundings is

Putting <b: (AKnee /m) - into Eq.(13) and evaluating the

formula numerically one gets
&= -5.858 fn (cm“") *10"3 MHz . Q7)
Similarly from formula (17) one can obtain

Cg= -1.667-10~13ng/(ZKT)  MHz , (28)

where No and KT are expressed in cm'3 and eV units, respec-

tively. If KT = 0.025 eV, corresponding to room temperature,

then Zﬂ% becomes equal to CE at n,= 10 cm electron
density. 1t follows from (27) and (28) that B » |=f.1

) a0 e9 N

if Ny < 10 cm”J (supposing KT = 0.025 eV). Even low electron
densities produce cP* corrections for the Lamb shift which are in

the order of the experimental errors, e.g. n = 1.66*105 cm_3
gives ct’= - 0.02 MHz, which is equal to the experimental error
of the Lamb shift measurement of Andrews and Newton”-0, Because of
the strong Z dependence of L the relative Stark effect

change cfYL, decreases for hydrogenics of increasing Z, as can
be seen from Egs,(23) and (25), thus we only deal with the Z =1

case. Using the experimental value L = 1057.862 MHz” and

Eqs-(@1), (@3) and (@5) with Z~= 1 one gets

/L = 9,877*10718 né/3 - (29)

Computing the density nP in th® 21 keV proton beam used in the

above mentioned experiment*"**”, and substituting it into (29) we



obtain the numerical values of c¢cT?™/L at different beam current
densities i, expressed in pA/mm units (see Table 1).

The above calculations show that the most important
correction to the Lamb shift is likely to arise from the electron
density, therefore we suggest that it be taken into account and
that it be included in the systematic corrections when evaluating

the Lamb shift measurements.

The authors are very grateful to B.Kardon for hie

valuable remarks on this subject.

Table 1.
The dependence of the relative Stark effect change 57/L, on

the proton beam current density i.

i (pA/mm”™) V L
1 **52.10“7
2 1.I7"10"6
5 3,86«10~6
10 9.73710“6
20 2.45710“5

50 8.32*10"5
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