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Foldy-Wouthuysen transformation in strong magnetic fields and relativistic corrections
for quantum cyclotron energy levels
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We carry out a direct iterative Foldy-Wouthuysen transformation of a general Dirac Hamiltonian coupled to
an electromagnetic field, including the anomalous magnetic moment. The transformation is carried out through
an iterative disentangling of the particle and antiparticle Hamiltonians in the expansion for higher orders of the
momenta. The time-derivative term from the unitary transformation is found to be crucial in supplementing the
transverse component of the electric field in higher orders. Final expressions are obtained for general combined
electric and magnetic fields, including strong magnetic fields. The time derivative of the electric field is shown
to enter only in the seventh order of the fine-structure constant if the transformation is carried out in the standard
fashion. We put special emphasis on the case of strong fields, which are important for a number of applications,

such as electrons bound in Penning traps.
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I. INTRODUCTION

The purpose of this paper is threefold: First, to discuss the
role of nonstandard and standard Foldy-Wouthuysen trans-
formations, up to seventh order in the momenta, second, to
clarify the role of higher-order terms in the magnetic fields
which become relevant for particles bound in strong magnetic
fields (Penning traps), and third, to apply the results to the
calculation of quantum cyclotron energy levels.

Let us start with the first purpose, which requires some
background discussion. The Foldy-Wouthuysen transforma-
tion [1] is a cornerstone of the description of electronic bound
states in simple atomic systems. The purpose of the trans-
formation is to start from a (generalized) Dirac Hamiltonian
and to disentangle the particle and antiparticle degrees of free-
dom. We recall that the Dirac Hamiltonian describes particles
and antiparticles simultaneously, and the Foldy-Wouthuysen
transformation is used to find separate effective Hamiltonians
for the particle (positive-energy) and antiparticle (negative-
energy) states. In simple cases, such as a free electron, one
can disentangle the particle and antiparticle Hamiltonians to
all orders in the coupling parameter [2], but this is, in general,
not possible when the Dirac particle is bound in external
fields because of difficulties in expressing infinite series of
multicommutators in closed analytic form. One can do the
exact transformation (to all orders in the momenta) only in
rare cases. As a consequence, for atomic bound states, one
resorts to a perturbative scheme, which involves an expansion
in higher orders of the momenta or in powers of a suitably
chosen coupling parameter. The coupling parameter can be the
fine-structure constant o = ogep =~ 1/137.036 or a suitable
generalization (see Ref. [3]).
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For an electron bound to a nucleus, in the fourth order in
the momenta, starting from the Dirac-Coulomb Hamiltonian,
one obtains [2,4] the relativistic corrections to the hydrogen
bound states, i.e., the relativistic p4 correction, the zitterbe-
wegung term (the Darwin term), and the spin-orbit coupling
(Russell-Saunders coupling). The Foldy-Wouthuysen method
was generalized to sixth order in the momenta in Ref. [5], us-
ing a nonstandard transformation given in Eq. (8) of Ref. [5],
which makes the decoupling transformation computationally
easier. It gives rise to a term (see Eq. (18) of Ref. [5]) which
involves the time derivative of the electric field,

e

@{o-ﬁ,a-ﬁ}, (1)

H~ —
where 7 = j — eA is the kinetic momentum (throughout this
paper, e = —|e| is the electron charge). Furthermore, E is the
electric field, and {A, B} = AB + BA denotes the anticommu-
tator. One may eliminate the time derivative of the electric
field by an additional unitary transformation given in Eq. (19)
of Ref. [6].

Throughout this paper, we use the Coulomb gauge so that
one can easily identify the longitudinal and transverse parts of
the electric-field E , which are related to the vector potential
A as
J -
BtA’ @

where L denotes the transverse (divergence-free) field and ||
denotes the longitudinal (curl-free) field component. Further-
more, we will use the convention,

V =eA" 3)

A=A, B =-VA. E —-

for the binding potential (here, e is the electron charge). In
the treatment of atomic bound states, the binding potential is
often approximated by the Coulomb potential V (r) = —Za/r,
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where Z is the nuclear charge number, « is the fine-structure
constant, and r is the distance of the orbiting particle and the
nucleus. However, in the treatment of bound states in a Pen-
ning trap [7-9], the binding potential is given by the electric
quadrupole field of the Penning trap, whereas an additional
strong magnetic field provides the axial confinement. The
binding Coulomb field is replaced by the binding field of the
Penning trap.

The problem of the calculation of the higher-order cor-
rections to the Foldy-Wouthuysen transformation has been
considered, quite recently, in Ref. [10] where the general
Hamiltonian for particles with arbitrary spin has been in-
vestigated. The special case of s = 1/2 has been treated
in Egs. (36)-(38) of Ref. [10]. Furthermore, in Eq. (7) of
Ref. [11], a Hamiltonian has been indicated which has been
obtained from the nonrelativistic quantum electrodynamics
(NRQED) approach outlined in Ref. [12]. Indeed, in Ref. [12],
the coefficients in the effective Hamiltonian were obtained
by matching of the NRQED Hamiltonian, given in Eq. (1)
of Ref. [12], with scattering amplitude calculations. It is an
interesting question to compare the NRQED approach to the
sixth-order generalization of the standard Foldy-Wouthuysen
transformation, outlined in Refs. [1,2,4].

Thus, we here present an application of the standard Foldy-
Wouthuysen transformation [1,2,4], which is based on the
iterative elimination of “odd” operators in the Hamiltonian
via unitary transformations, to sixth order in the momenta,
for general electric and magnetic fields. Our approach is suffi-
ciently general to be valid for strong magnetic fields and is,
thus, applicable to electrons bound to Penning traps [7-9].
The bound states in Penning traps differ from atomic bound
states in the sense that the primary binding fields are the static
magnetic field, directed along the trap axis, and the electric
quadrupole field of the trap. The standard Foldy-Wouthuysen
approach, in higher orders, offers technical difficulties which
are overcome in the current investigation.

In particular, we do not rely on any nonstandard trans-
formations, which were otherwise used in Ref. [5]. As a
consequence, we are able to compare the standard sixth-order
Foldy-Wouthuysen approach to the generalized nonstandard
Foldy-Wouthuysen transformations outlined in Ref. [5]. In
the standard approach, one eliminates odd operators by a
well-defined iterative procedure. Here, the odd operators are
understood as the off-diagonal entries in the bispinor basis.
Let us consider an example. For a Hermitian Hamiltonian H

of the form
H — € 0 HT —H
- <OT 5/>’ - ) (4)

where £ = &7, & = & and O are 2 x 2 matrices, the odd
operator is just O. The iterative elimination of O, through
successive applications of the unitary transformations, is the
aim of the Foldy-Wouthuysen method.

Units with 1 = c =€y = 1 are employed. This paper is
organized as follows. In Sec. II, we consider the scaling of
operators for an electron bound in a Penning trap. This scaling
is different from that encountered in an atom because the
binding fields (in particular, the magnetic field) have to be
given more weight. In particular, the magnetic field enters at a
lower order in a generalized coupling parameter (generalized

fine-structure constant) than in atomic bound systems. In fact,
in Sec. II, we define suitable generalized coupling parameters
for the electron bound in the Penning trap. In Sec. III, we
carry out the main part of the calculations for the sixth-order
and seventh-order Foldy-Wouthuysen transformation pertain-
ing to bound electrons. We obtain general results which allow
us to carry out a detailed comparison between the different
approaches previously pursued in Refs. [5,6,10-12]. We then
specialize the general expressions to the case of a Penning trap
(Sec. IV) and derive a few higher-order terms, supplementing
previous investigations [7-9]. These are important for the de-
termination of the fine-structure constant from measurements
of the anomalous magnetic moment of the electron. Finally, in
Sec. V, we draw some conclusions.

II. PREPARATORY CONSIDERATIONS

A. Penning trap

We will attempt to devise a formalism for the systematic
analysis of higher-order corrections to the bound energy levels
for electrons bound in field configurations where the wave
functions are spatially confined by the field geometry, and a
discrete spectrum of bound states results. Due to the spatial
confinement, one obtains a discrete spectrum of bound states.
Our investigations are motivated, to a large extent, by the
necessity to extend the usual Foldy-Wouthuysen formalism
to situations with strong confining magnetic fields. An exam-
ple is given by an electron confined in a Penning trap (see
Refs. [7-9)).

In a Penning trap, one has a strong constant uniform con-
fining magnetic field along the trap axis (the z axis), given as
Br = é.Br. The corresponding vector potential is

Ar = 5(Br x 7) = 5(Br x p), (5)
where p is the position vector on the xy plane,
0 =7 = xéx + ye,. 6)

We decompose the momentum operator as p= jp; + p.,
where p| = pié. + p,é, and p, = p.é,. The kinetic trap mo-
mentum 7T is

- > d > [ > - > >
ﬂsz_eAsz”_E(BTXr)+PL=77||+PL’ @)
- - [ -
| =P||—§(BTXF)- ®)

The scalar potential is A°. The quadrupole potential V of the
Penning trap is

0 22— %pz
V =eA =VOT=VZ-I-V||, %a)
1 2.2 1 2 2
V., = -mw;z", Vi = ——mw; p~, (9b)
2 4
Vi
ol = . (%)

where Vy > 0 and d > 0 are constants. Note that V| is re-
pulsive, whereas V, is an attractive harmonic potential. We
also note that V has physical dimension of energy, and d
has a physical dimension of length. We found it convenient to
absorb the elementary charge e in the definition of Vp, which
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leads to a slight change in the notation as compared to Ref. [9].
We write the spin g factor of the electron as g = 2(1 4 «),
where k¥ &~ «/(2m) is the anomalous magnetic-moment term
[13]. The nonrelativistic Hamiltonian, including the anoma-
lous magnetic-moment term, can be written as

= = 2 R
H0=M+V—LK8-BT
2m 2m
(5’ . ﬁH)Z 2
= — -B V. 10
o T + o L4 (10)
Using the result,

MO 2 o5 By, (11
4 P _EG'BTa ( )

@ -7)* = p] —eL-Br+

B
w0, = le] T (12)

m

where w. is the cyclotron frequency and L is the angular
momentum operator, one can write Hy = Hy + H, + H; as the
sum of an orbital Hamiltonian H| which acts on the xy plane,
of a magnetic Hamiltonian H, which couples to the spin, and
of a Hamiltonian H, which confines the particle along the z
axis, in a harmonic potential due to the quadrupole field of the
trap,

Hy=H,+H, +H, (13a)
2
P” e - o
H=——-—L-B , 13b
I 2m  2m T I (13b)
H, = ——(1+1)5 - Br, (130)
2m
2
p;
H,=—=* 4V, (13d)
2m
Due to its harmonic-oscillator structure, H, can be written as
2
p 1 . 1
;= ﬁ + Emwfzz =, (azlaz + §>, (14)

where the lowering and raising operators a, and a' are the
usual ones for a quantum harmonic oscillator,

1/2
g = "y (152)
¢ 2 ¢ 2mao, Pz
172
P [mex 1 15b
2 V 2 <2ma)z> Pz (15b)
With reference to Eq. (13b), we have the relations,
=2 2 2
P W, m(a)c - 2(1)7) 5
H=—+—/L +——= 16
1= Tkt 8 (162)

; 1 ; 1
O dyaen T 5 ) T @) G T 5 )

1

o = E(a)c + Jo? — 2w3), (16b)
1 w?

Wy = E(a)C —Jw? — Za)zz) =y X 26; . (16¢)

The quantities w4y and w_) are corrected cyclotron (w,.)
and magnetron (wp) frequencies; they correspond to the
conventions used in Eq. (2.14) of Ref. [9]. Physically, we

can understand the minus sign in front of the w_) term in
Eq. (16a) in terms of the repulsive character of the potential V)
defined in Eq. (9b). The lowering and raising operators a(),
acy, a(7+), and azf) are given in Eqs. (2.48a) and (2.48b) of
Ref. [9]. The operators a4 and a(T 4 are associated with the

cyclotron motion,

1/2
m
ayy=|——""""7— Ve — iViayy), a7
(+) <2(w(+) — o ))) (+) (+)y

: m 1/2
aly, = <m) Ve + Vi), (18)
and we will consider the operator \7(+), whose x and y compo-
nents enter the definition of a(; and a(T ) in the following, but
first, let us consider the lowering and raising operators of the
magnetron motion. One has the lowering operator g, and the
raising operator azf),

m 12
ay=|>7——"—"— Viox +1Voyy),  (19)
- <%wHy—wp») e

1/2
al —(———li———> Vi — Vioy). (20)
- = —)x =)/
=) 2(w4) — w-)) g

The quantum-mechanical formulation of the vector-valued
operators V(+) and V_, can, in principle, be inferred from
the quantum-classical correspondence indicated in Eqs. (2.13)
and (2.42) of Ref. [9]. The operators V) and V,_, are vector
valued and act on the xy plane. It is instructive to indicate the
explicit formulas,

N 7} 1

Vi = 2y w2 — 2028, x ), (21a)
m 2

\7(_) = p_ ,/a)z 2wk (e, x ). (21b)

An interesting feature is that the algebra of the cyclotron
and magnetron lowering and raising operators commute

lacy. a)] = lacy.al, ) =la]_.al, ) 1=0.  (22)

This means that we can raise cyclotron and magnetron quan-
tum numbers independently by using the a(4) and a(T +)» and

a(—y and a?_) operators.

B. Unperturbed eigenfunctions

Eigenfunctions of the unperturbed nonrelativistic Hamil-
tonian Hj [see Eqgs. (10) and (13)] are described by the spin
projection quantum number s, the axial quantum number k,
and the magnetron quantum number ¢, illustrating the fact
that an electron bound in a Penning trap merely constitutes
an “artificial atom” with the trap fields replacing the binding
Coulomb field. The quantum numbers take the following val-
ues:

k=0,1,2,..., (axial), (23)
£=0,1,2,..., (magnetron), 24)
n=0,1,2,..., (cyclotron), (25)

s ==£l1, (spin). (26)
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2
|yl (k=5)(1=2)(n=0)

25x 102m
20 % 1%

1.5x 10%m>

z [pm]

1.0x 10®m3

0.5x 10®m™

0.0

FIG. 1. We display the probability density |y/|> = | Vs (F)]* of
the quantum cyclotron state with quantum numbers k =2, n =0,
and £ =2 [see Eq. (28)]. This is the second axial excited-state
(k = 2), the cyclotron ground-state (n = 0), and the second excited
magnetron state (¢ = 2). The probability density is independent of
the spin state (s = +1). We use parameters from Ref. [9], i.e.,
w, =21 x 164.4 GHz, w, = 27 x 64.42 MHz, which implies that
the corrected magnetron frequency is w—y = 27 x 12.62 kHz. Ax-
ial states with high average excitation form the basis of experiments
[14,15]. One notes the large extent of the wave function in the
axial direction, which is in the range of micrometers, whereas the
confining magnetic field of the trap restricts the wave function
in the x and y directions to range of about 50 nanometers.

The energy eigenvalues of Hj are not bounded from below
in view of the repulsive character of the radial quadrupole
potential,

2

1 1
+ w; <k + 5) — W) (Z + 5) 27

One takes note of the negative sign in front of the last term.
The eigenfunctions of the unperturbed Hamiltonian can be
constructed as (see Figs. 1 and 2)

s 1
Eklns = a)c(l + K)E + a)<+)(n + —>

(@)t ()" (aiy)"

Ykens(F) = NN Yo (F)Xs/2» (28)

n2=(p)  xn=(0) 29)

where the x,/,’s denote fundamental spinors. The orbital part
of the ground-state wave function is

/2 — 202
Yo(F) = W exp (—%,/wf - ngpz)
1/4 1
X (mcuz> exp <——ma)zzz>, (30)
b4 2
where

WD) — W(-) = 1/a)§ — 26()12 (31)

2
| W 1 kes)1=2)(n=0)

25 % 10%m
2.0x 10¥m=
1.5 x 10P0m™
1.0x 10®m™=
0.5x 10®m™=

0.0

FIG. 2. We present the analog of Fig. 1 for the quantum cyclotron
state with quantum numbers k =2, n = 1, and £ = 2. In contrast
to Fig. 1, this is the first excited cyclotron state (n = 1). Again, we
use parameters from Ref. [9], i.e., w. = 27 X 164.4 GHz, and w, =
2w x 64.42 MHz. One notes the large extent of the wave function in
the axial direction, whereas the wave function is much more confined
in the x and y directions.

The spin-up sublevel of the cyclotron ground state and the
spin-down sublevel of the first excited cyclotron state are of
interest for spectroscopy and determination of the anoma-
lous magnetic moment of the electron (see also Fig. 3). The

Magnetron
m=0,1,...

Cyclotron Spin Axial
n=0,1,.. s=41/2 k=0,1,..

T wm =W

= w14k

FIG. 3. The figure provides an illustration of the bound-state
spectrum of an electron in a Penning trap. The cyclotron levels
are separated by the frequency w(4) ~ w., whereas the dominant
contribution comes from the spin projection s = 1/2, because the
spin-flip frequency is w.(1 + k), where ¥ ~ «/(27). Two important
quasidegenerate levels have the quantum numbers s = +1/2,n =0
(spin-up cyclotron ground state), s = —1/2, and n = 1 (spin-down
first excited cyclotron state). They are energetically degenerate were
it not for the effect of the anomalous magnetic moment of the
electron.
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spin-up sublevel of the cyclotron ground state fulfills the
relations

HoYroo01 () = E0001 Yooo1 (7),
W(+) w; W(—)

E = —(1 T _'
0001 ( +x)+ 5 + > >
The spin-down sublevel of the first excited cyclotron state
fulfills the relations

HyYroo1-1(F) = E001—1W001—1(7)

3w
E, = ——(1 — —
001—1 ( +K)+—— 2 + 2

Here we consider, for simplicity, the sublevels with k = £ =
0, i.e., without axial or magnetron excitations. This approx-
imation will be lifted in Sec. IV. Due to the anomalous
magnetic moment, Egg; is a little higher than Eyy;_, and the
energy difference is

(32a)
(32b)

(33a)

W)
——. (33b
5+ (33D

AE = Egpo1 — Ego1—1 = wc(1 + k) — w4y

= w1+ 1) — %(wc + R —202). (4)

In the limit w, — 0, one has AE — k w., which relates en-
ergy levels inside the trap to the anomalous magnetic moment
of the electron. The energy difference AE serves to determine
the anomalous magnetic moment of the electron [7,14-18].

C. Scaling for strong fields and Penning trap

In order to illustrate the analogy of the bound spectrum
inside a Penning trap and an electron bound in an atom, we
introduce coupling parameters. With reference to the QED
coupling agep = €?/(4m) ~ 1/137.036, we refer to these as
the cyclotron coupling parameter ¢, (which could, otherwise,
be referred to as the cyclotron fine-structure constant), and the
axial coupling parameter «;,

= ]2, azz\/g. (35)
m m

A third coupling parameter, pertaining to the magnetron fre-
quency, is defined in Eq. (39). Because of the hierarchy of
typical frequencies in a trap [9], one has

o, L d. (36)

Once the cyclotron and the axial frequencies are defined, we
can calculate the magnetron frequency based on Eq. (16c).
One can define a trap fine-structure constant ot in terms of
the maximum of the coupling parameters o, and o,

ot = max(o,, o), ot = max(w;, ;). 37
Then, we can define scaling parameters &, and &, by
max(§.,§:) =1 (38)

For the magnetron coupling parameter o, it follows that:

Qe = 'i:caT’ o = éZaTv

o = |22 = £0, (39a)
m
= (€ JEd —288) o

where &, is smaller than either &, or &,. Electron momenta in
the trap can be shown to be of order,

Pt ~ arm, (40)

in analogy to an atom, where ar would be replaced by «qgp.
(By ~ we indicate that the quantities on the right and left are
of the same order of magnitude, whereas ~ is reserved to
indicate approximate equality.) In atoms, the wave function
is spread over a length scale commensurate with the Bohr
radius ap = h/p, where p is a characteristic momentum. We
conclude that the “trapped Bohr radius” agr is

h 1 h
ar =, [——=—""~—. (41)
mar artm pr

With these definitions, we can establish the scaling of frequen-
cies, momenta and position operators inside a trap. In view of
Egs. (12) and (35), we have

|€|BT 2

we =T _ 2~ o, (42)
m

It is clear that the position vector 7 scales as
1

7] ~ aor = P (43)
The scaling of the quadrupole potential follows as:
V ~ a)f(z2 —p?) ~ a%aT_zm = ot%m, (44)
and
eAr ~ eBr|F| ~ a%a{lm = oTm. 45)

Finally, the kinetic momentum in the trap, defined in Eq. (7),
is of the order of

ﬁ'T = ]_5 — eAT ~ oTm. (46)
—— ——
~oTm ~atm

So, the appropriate scaling for the trap implies the following
relations, which we summarize for convenience,

(47a)
(47b)

7T ~ dr, €AT’\’OIT eBT’\'O[%,

ek = —VV ~ a%, 63, ~ OlT

The second of these implies that, if we wish to calculate
Penning trap energy levels to order a%, then we need to keep
all terms quadratic in the magnetic trap field, and if we wish
to calculate them to order a%, then we need to keep all terms
cubic in the magnetic fields. The scaling with the coupling
parameters is notably different from atomic systems [19]. An
expansion to third order in the magnetic fields is not necessary
for atoms where terms of higher than the second order in
the magnetic fields can be safely discarded [5,6,10-12]. This
necessity, in addition to the other aspects described in Sec. I,
motivates revisiting the Foldy-Wouthuysen transformation for
general fields. The scaling of the magnetic field in a Penning
trap is completely different from that in an atom. In typical
atoms, the only important magnetic field is the dipole mag-
netic field generated by the atomic nucleus, which leads to
the hyperfine splitting. In the Penning trap, by contrast, the
magnetic field provides for the binding of the electron, which
is why it needs to be taken out in higher orders.
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D. Time derivative and Foldy-Wouthuysen

Let us briefly review the formalism of the Foldy-
Wouthuysen transformation with a particular emphasis on the
time-derivative term. The Foldy-Wouthuysen method [1] is
based on a unitary transformation,

U = exp(i). (48)

In order to consistently derive the formalism, it is necessary
to realize that the time derivative of an operator does not
necessarily commute with the operator itself. The transforma-
tion is constructed so that, iteratively, the Foldy-Wouthuysen
transformed Dirac Hamiltonian is given as follows:

Hew = exp(iS)[H — id,] exp(—iS)

1
=H+[iS,H —io]+ E[iS, [iS, H —io:]]

+ %[iS, [iS, [iS, H —io J1] + - -

=H+HD +SHD +5HD + ... . (49)

Here, the differential operator id; is understood to exclusively
act on the unitary operator exp(—iS) but not on the wave
function. The time derivatives add additional terms, which, in
first order, read as follows:

SHW = [iS, H — id,] = i[S, H] — 3,S. (50)
Note that one can iteratively calculate the multicommutators
in Eq. (49),

1

SHOD = S, SH™]. 51
H +1[z H™] (51)

n

For a typical generalized Dirac Hamiltonian, the Foldy-

Wouthuysen transformation operator S is proportional to
S~a-it~ar, &S ~a- o~ ai. (52)

Here, the @ and 8 matrices are used in the Dirac representa-

tion,
- (0 & (12 0
o = <6_ O)v /3 - ( O _]12><2>’ (53)

where & denotes the vector of 2 x 2 Pauli matrices. It

becomes clear that the higher-order terms in the multicommu-

tator expansion (49) represent higher orders in the momenta.
In the Coulomb gauge, one can separate the electric field

into its longitudinal and transverse components,
eEH = —%V, E_l = —8,11. (54)

The longitudinal component is obtained as the commutator of
kinetic momentum and potential V,

[7,V] = —iVV = —ieVA® = ieE|, (55)

whereas the transverse component is obtained via the time
derivative of the vector potential,

07 = —ed,A =eE,. (56)

The time-derivative term in Eq. (50) is decisive in ensuring
that the Foldy-Wouthuysen-transformed Dirac Hamiltonian
contains the complete electric field.

III. HIGHER-ORDER FOLDY-WOUTHUYSEN
TRANSFORMATION

A. Higher-order corrections for strong fields

We start from the generalized Dirac Hamiltonian (see
Chap. 7 of Ref. [4] and Chap. 1 of Ref. [20]), including
the anomalous-magnetic-moment terms. The g factor of the
electron is expressed as g = 2(1 + «). The Hamiltonian is (see
Chap. 7 of Ref. [4])

Ke - o> -
H=a -7+pm+V+_—G7-E-pZ-B). (7
m

The vector of Dirac y matrices is used as ¥ = & with refer-
ence to Eq. (53). The y matrices and the 4 x 4 spin matrices
f), which we will need in the following, read as:

{0 & . (5 0
V‘(—a 0)’ E—(o a>' (58)

As anticipated in Sec. I, the iterated Foldy-Wouthuysen
method aims to eliminate the odd operators (in bispinor space)
from the Dirac Hamiltonian, in successive higher orders of the
momenta. If O is the odd operator in the Dirac Hamiltonian,
then the unitary transformation is U = exp(iS) where S =
—iB0O/(2m). For the general Hamiltonian given in Eq. (57),
one needs to employ three transformations, § = S, § = §@,
and § = §@, respectively, which are given as follows. For the
first transformation, one can easily derive the expression for
SM from Eq. (57),

V-7 +
LA

2m 4m?
One calculates the multicommutators given in Eq. (49) up to
seventh order. The second transformation is used to elimi-
nate further remaining odd operators in the first transformed
Hamiltonian [21-23]. It is more complicated,

eK —

s = — a-E. (59)

@ b _3 e . =
S —w(y'ﬂ)‘f‘m(a'E)
i
60m>
Blly -7, £ -ENL S 7]

iek . . o =
—%[V'TF,E'B]—
L_°

96m*
L

12m*

-7

BlIy -7, £-ELE- 7]

+—7-dE. (60)
p”

Finally, the third transformation, which eliminates all odd
operators up to seventh order, is given as follows:

G 7 + 7 0 E)
12m3 v 8m3 v:-%

P 5.7 5 ELE 7]
-7, . s - TT
96m*

s® — _
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3¢ . = o o
—W{{V'ﬁ,E'E}»E'TF}
L B B E)

god PV P

ex o R
+16m4,3{2o8,B,2 i}

Siek . . = = = ..o

ek . o s o= o
- 57 S BLE AL 6D

The result of the iterative seventh-order standard Foldy-
Wouthuysen transformation [23] can be written as

Hew = HO + HP 4 HO 4 H 3Byl oy,
(62)
The superscript denotes the power of the coupling parameter
at which the term becomes relevant. The coupling parame-
ter can either be ot (for the Penning trap) or o = agep &
1/137.036 (for an atom). In zeroth order in ¢, we only have
the rest mass term,

HO = Bm. (63)
In the second order in «, we have the nonrelativistic term,
1 -
HI =B—(Z 7)Y +V. (64)
2m
In the third order in «, we only have a single term,
H3 = L g5 B, (65)
2m

where the one-loop (Schwinger) correction [13] to the anoma-
lous magnetic moment of the electron is ¥ = o /(27). The o*
terms can be expressed very succinctly,

-

I - ie o -
41 _ =4 -

The > anomalous magnetic-moment terms are also expressed
in quite a compact form

ek o ek o>

[51_ = $ . F = 5.5 5. B
H ——4m2[2-7t,2~E]+,316m3{2-7r,{2~7T,E-B}}.

(67)

From the direct iterative application of the multicommutator
expansion (49), one obtains the «® terms,

61 — $ .70
H ﬂl6m5( )
S5ic - | o . = . = =
=X
e o .o e . & = eE?
+s -7, [¥X-7, 2 -El} + B5—, (68)
8m# 8m3

where we implicitly define the X term. It is computationally
advantageous in the consideration of the a® terms to map the
algebra of the commutators of the operators onto a computer
symbolic program [22]. It is also instructive to present an

alternative expression for the sixth-order terms %!, One de-
rives the identity,

X={(E -7 [2 -7 2 E]
2 DA T-ENE 7). (69)

=Y

The second term in the above expression can be reformulated
as follows:

Y =1[(E- 7)Y (S E. 2 7))
- HE-DHIE 7,2 E. (70)
Using Egs. (69) and (70), we can establish that
X =22 #)2[E-7#T-E])
(-7 (E-E. T 7). (71)

The result for the sixth-order terms can, thus, alternatively be
written as

(T -7)° 5ie

216 _ S AP AS . E S .7
B 163 128m4[( )%, { 7}
B O B LaL oS
ST, -7, . .
64m* 8m3

The «” terms contain the anomalous magnetic moment,

ek - ex - - _
yT = g g2 .7 % 8E
ﬂ8m3 16m3ﬂ{ g B}
+ (SRS R, DB
16m* ’ ’
Sy Al RE N HRE N ORE NRE 3558911
32m>
3¢k o L o L o2 L e L oo =
ik - . - L o2 =
+ [X-E,{¥-7, X B}l (73)
16m*

We here include all terms relevant for strong magnetic fields.

B. Particles and antiparticles

Let us concentrate on the upper left 2 x 2 submatrix of
Hrw, which is the particle (as opposed to the antiparticle)
Hamiltonian. It is well known that the Dirac Hamiltonian
describes particle and antiparticle states simultaneously [21],
and that the lower right 2 x 2 submatrix of Hpw describes
the antiparticle. In principle, the particle Hamiltonian can be
obtained from the results given in Eqgs. (64)—(73) by simply
replacing ¥ — & and B — 1,42, but it is still instructive to
give the results separately.

Because the rest mass term Bm given in Eq. (63) is a
physically irrelevant constant, we write the general particle
Hamiltonian H under the presence of the external electric and
magnetic fields as

H=H%+H® + g + g 4 g+ g7 (74)

where we take into account up to seventh-order terms. One
finds

2
g2 gy Ty
2m

1 -
M& . B, (75)
m
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where we have used the identity (& - 7)* = 72 — e& - B. The
fourth-order terms find the compact representation

Y=L G- 5.5.5.El  (76)
8m3 8m?
whereas the fifth-order terms contain the anomalous
magnetic-moment,
HY =~ 205 7.6 El+ 45 - 7.(6 - 7.5 - B)
=———[0-7,0- o -7,{0-7,0 - .
4m? 16m?3 a7
The general o® terms are given as
@ -7)° Sie . Y= L
H' = et gal@ 7)Y, (G -E, ¢ -7}
G a e r e B+ SE (8)
o-n),[6-7,0- .
64m?3 8m?

In the above form, the sixth-order terms in the Hamiltonian
are compatible with those used in Eqgs. (36)—(38) of Ref. [10]
for spin-1/2 particles. The o terms listed in Eq. (72) are also
equal to those obtained by applying the unitary transformation
outlined in Eq. (19) of Ref. [6] to the Hamiltonian given
in Eq. (15) of Ref. [6], i.e., to the Hamiltonian obtained by
adding the terms given in Egs. (15) and (20) of Ref. [6]. Also,
the result in Eq. (72) is equal to the Hamiltonian considered in
Eq. (7) of Ref. [11], which, in turn, has been derived from the
NRQED approach outlined in Ref. [12]. The o’ terms attain
the following structure:

2
7 _ €K m ek _
H = 16m3{a~7{,a~8,E}
ek . _oo . . . 7
“ [6-#.16-7.46 - 7.16 - 7,6 - BYI]
32m50 t,loc -7,{c-7,{0- 7,0
3 N
~Sees(6 F G FNG 7 G 7.5 B
.2
+%[6~E,{8-ﬁ,6-§}]. (79)

In general, we have not found ways to simplify the o’ terms
further than the expression given by Eq. (79).

IV. QUANTUM CYCLOTRON ENERGY LEVELS
A. Leading term

Now, we return to the problem considered in Sec. Il A and
perform simplifications for a Penning trap configuration. The
trap field By is assumed to be directed along the z axis as a
constant uniform field so that

-~ - - e - -
7T=7TT=P—§(BTXV),

I |
#t=p*—eL-Br+ Zmza)fpz, (80)

where we note the identity (Br x 7)? = B% p2. Furthermore,
we ignore the radiative (transverse) electric field and set

-

¢E = ¢E; = —VV. (81)

Let us specialize the terms H*! with k = 2, ..., 6, discussed
in Sec. IIIB, to the case of a Penning trap. The sum of
the terms H'?! and HP! is just the Hamiltonian H, given in
Egs. (10) and (13),

Hy = H[2] +Hl3]

) 2
p e - - mw; , e(l1+k), -
= L B V—-———=6 Br.
m am Tt om0 0T

(82)

We recall, from Eq. (27), the unperturbed energy E>*3! of the
unperturbed level eigenket |kfns) as

EPH) = B,y = (ktns|Holktns) = (H? + H))

s 1
= w.(1 Z —
o¢( +K)2 +w(+)<n+ 2)

1 1
+ a)z<k + 5) — a)(_)<5 + 5) (83)

The energy E'?*3 = E is the unperturbed (nonrelativistic)
energy.

B. Relativistic corrections

In a Penning trap, the expression for H'¥ simplifies as
follows:

& - #r)* N vy N & - (VV x 7r)
8m3 8m?2 4m? '
It is adequate to treat H'*! and H'! together. For the fifth-order

Hamiltonian H®!, we need the following relation, which is
valid for a constant, uniform magnetic field:

{G - 71, {6 - 71,6 - Br)) =45 - #1)*(Fr - Br).  (85)

HY = (84)

For the Penning trap, this implies that

«VV k& - (VV x 1) N exd - frBr - fir
4m? 2m? 4m?

It is convenient to express the sum of H* and HP! as follows:

HP = . (86)

72

+ eKa - ﬁTBT . ﬁT
4m? 4m3 '

(87)

If we are in a charge-free region, then VIV = 0, and we have
three contributions,

HY 4+ HS = H, + H, + H;. (88)
The first is the relativistic correction to the kinetic energy,
(@ -7r)!
H, = e (89)

It leads to an energy shift E; = (H;) = (k€ns|H;|k{ns) which
reads as follows:

? (ntd +w?_ e+3 © w8
[ol2leils) gy gy ]

2

E =—-
2m
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ZICEDEDES I P

(90)

4m(o ) — o))
As compared to Eq. (7.48) of Ref. [9], we take the opportunity
to correct an apparent misprint,

(nt+5)(e+3) -5 > (m+3)(E+3)+3. OD

[Eq. (7.48) of Ref. 9]

[Result obtained here]

The spin-orbit coupling leads to the term
[ -
H, = (142k)—3& - (VV x 77). 92)
4m?

The energy shift E, = (H,) = (kéns|H,|k¢ns) reads as fol-
lows:

2s(1+2 + ) +oo(t+3
Ezz_a{S( +26) o) (n+ 3) + o) ( 2)_ 93)
4m W) = O-)

Finally, there is an additional correction due to the higher-
order interaction of the electron spin with the magnetic field,

ex o
Hy = 50 - 7r)(Br - 7). (94)
m

The corresponding energy shift £3 = (H3) is

SK e,
Ey= === (k+ ). (95)

The terms of fourth and fifth order lead to the joint correction,
EWSl = E| + E, + Es, (96)

where the energy corrections Ej, E,, and E3 are given in
Egs. (90), (93), and (95), respectively. In terms of the cou-
pling parameters defined in Sec. IIC, we can express E*+3
differently,

4
8 2

(142001 421+ 51 + )]
8

3+ 6k(1 + k) + 4s(1 + 2n)(1 + 2«)

s _ a4m<_ (1+s+2n)

£282

4 8

The term of order éf vanishes. If the dominant (angular)
frequency in the trap is the cyclotron frequency, then we have
&. = 1 according to Eq. (38).

C. Sixth-order corrections

For the Penning trap, the sixth-order terms assume the form

@-Ar)° S Lo
H = = — 1@ ) (6 VY. 6 - )]
B L Lo . L (VV)?
_64m4{(6'7TT) 7[0‘7TT70'VV]}+ 8m3 . (97)

One has two further useful relations. The first of these is
(G -71)*, {6 - VV, 6 -}l = i[#f, [#7,V]],  (98)
and the second,
{((G - 7r)%, [6 - 7r, & - VV]} = —i{(@ - #1), V2V
+26-VV x 7tk (99)

Hence, one can express the sixth-order terms as follows:

= = \6
6 _ (0 - 71) 5 122 (=2
HY = o * Tagga U [0V ]
a2 s oa s (VV)?
~ @706 7, - YV} + . (100)

Overall, in the sixth order, one has two terms, which are as
follows: (i) directly due to the sixth-order Hamiltonian and
(i1) due to a second-order effect, involving the fourth-order
Hamiltonian,

E"® = (ktns|H' |ktns)

1 /
+ (kEns|H[4]<E—H) H™|kens), (101)

0 — Ho

where [1/(Ey — Hp)]' is the reduced Green’s function. A
remark is in order. For a Penning trap, the unperturbed eigen-
states are separately eigenstates of the Hamiltonian H!, and
s0, a conceivable additional sixth-order term vanishes

/
HU ! !
Ey—Hy

The exact expression for (H!®!) is very lengthy, however, an
expansion into the coupling parameters defined in Sec. IIC
leads to the compact expression,

(H®y = a%m((l +s54+ 2n)3$6

<k£ns

ans> =0. (102)

16

3(1 4+ 2k)(1 4+ 2n +5)}
+ o gle?

3
+ ([5 + 6k(1 + k)](1 + 2n)

+[5 4 6k(1+ k) + 8n(1 + n)]s) g2&!

1
— (1 +2k)[13 4 10k(1 + &
+128( + 2k)[13 + 10k(1 + k)

+ 6(1 + 2n)slE0 + o(gf)}. (103)
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After expansion in &,, the second-order shift is

7
g\ g
Ey — Hy

1
= agm[ - 3—2(1 +26)[1 + 5+ 2n(1 + n + 5)]E2E?

<k£ns

kﬂns>

1
— 15+ 6K+ K11 + 20 + )E%E!

1
— 515 (1 20045 + 17k(1 + ) +24(1 + 2n)s]&?

(104)

+0(s§)}.

The total sixth-order energy shift is obtained as the sum of the
results given in Eqgs. (103) and (104),

1
E = a?m[ﬁ(l +2n 4+ s)3‘§c6

(14 2K)[10n(1 +n +5) + 2 + 55 + 3s2]€ €2
* 32 ]
N [5 4 6k(1 4+ KI[(1 +2n + ) + 12n(1 + n)s]E2E}
32

+ 5%(1 + 2Kk)[7 + 23k(1 + k)1E° + O(gf)]. (105)

We leave the evaluation of the seventh-order corrections for
a Penning trap to a future investigation. These, otherwise,
also include higher-order corrections to the Lamb shift (self-
energy) of the quantum states.

V. CONCLUSIONS

The main results of the current investigation can be
summarized as follows. We have carried out in Sec. III A
the full iterative Foldy-Wouthuysen transformation of the
single-particle Dirac Hamiltonian, coupled to general elec-
tromagnetic fields, up to seventh order in the momenta. The
results, for the 4 x 4 matrices that combine the particle and
antiparticle states, are given in Eqs. (63)—(73). The effective
Hamiltonian for the particle (as opposed to the antiparticle) is
given in Eqs. (75)—(79). We have clarified that the standard
Foldy-Wouthuysen method, iteratively applied, reproduces
the effective Hamiltonian, to order o, which has been derived
based on NRQED methods in Ref. [12]. So, we have shown

that the Hamiltonian first obtained by a nonstandard Foldy-
Wouthuysen transformation in Ref. [5], and then augmented
by an additional unitary transformation given in Eq. (19) of
Ref. [6], is exactly equal to the gauge-covariant Hamiltonian
used recently in Eq. (7) of Ref. [11]. It is instructive to re-
call that the kinetic momentum 7 is gauge covariant but not
gauge invariant because A transforms nontrivially under gauge
transformations. As a result of the investigations reported
here, complete agreement between the various methods has
been achieved, and the calculations have been extended to the
seventh order in «, including effects due to strong magnetic
fields.

Our results are valid for cases where the binding of the
electron proceeds in strong external fields, such as those en-
countered in Penning traps. In such cases, the term |e|By/m =
w, (cyclotron frequency), where Br is the trap magnetic field,
is of order w2m where o is a suitably defined coupling con-
stant for the trap [see Eq. (35)]. In a Penning trap, the magnetic
field is not an external perturbation but provides the decisive
energy scale for the bound states inside the trap. After an
initial discussion of the separation of the electron Hamiltonian
inside the trap, carried out in Sec. I A, and the discussion of
scaling relations in Sec. IIC, we discuss the relevant expres-
sions for relativistic corrections to electron energy levels in
quantum cyclotrons in Sec. IV.

Our results, given for the Penning trap in Egs. (90)—(95),
(97), and (105), enable a more accurate evaluation of the
relativistic corrections to quantum cyclotron states, which are
important for the determination of the fine-structure constant
[7,14-18]. Terms of seventh order in ot can be obtained from
Eq. (79) under the substitutions 7 — 7t and eE — —VV.
However, these are of the same order as the relativistic cor-
rections to the Lamb shift, notably, to the relativistic Bethe
logarithm (order oz% m). Hence, we leave these terms for a
future work. We do not indicate them separately.

In a more general context, our calculations show that it
is possible to generalize the standard direct calculation of
the Foldy-Wouthuysen transformation to seventh order in
the coupling parameters under the intensive use of computer
algebra [22].
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