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Magnetic-Field-Induced Intensity Revivals in Harmonic Generation
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We demonstrate control of high harmonic generation by a linearly polarized laser field using a
uniform static magnetic field parallel to the laser polarization. We predict that particular values of the
magnetic field can increase harmonic intensities by orders of magnitude. Classical orbit calculations
show that these magnetic-field-induced intensity revivals occur when the return time for laser-driven
motion of the electron back to the origin is a multiple of the cyclotron period for motion perpendicular
to the laser polarization direction. [S0031-9007(99)08759-1]

PACS numbers: 32.80.Qk, 32.80.Wr, 42.50.Hz, 42.65.Ky

High harmonic generation (HHG) is a rapidly devel- We consider here theoretically the control of HHG
oping field of laser atomic physics, due mainly to thewith a strong static magnetic field directed along the
potential applications of the emitted high-brilliance, co-axis whose magnitude is comparable to those presently
herent, high-frequency radiation [1,2]. The key featuresachievable. We assume the use of a laser linearly po-
of this process, its extended plateau, which consists dhrized along thez axis whose intensity is moderate
many harmonics with comparable intensities, and its shargo that relativistic effects may be ignored. For se-
high-frequency cutoff, are explained using a “three-step’lected values ofB, we show that particular harmonics
physical model [3,4]. According to this model, the “first jncrease in intensity by 2—3 orders of magnitude. For
step” is ionization, the “second step” is laser-driven propaselected harmonics, we demonstrate that the intensity is
gation of the free electron, and the “third step” is theg strong function of the valu® with periodic revivals
recollision of the electron with the atomic core, during of jntensity. We have also carried out classical calcula-
which the electron can recombine and emit a harmonigions of the active electron’s motion in the driving laser

photon. This model predicts the maximum energy of th&ie|q in order to interpret the quantum-mechanical results
harmonics to b&ma/iw = 1, + 3.17U,, wherel, isthe  ptained.

atomic ionization potential, U, = ¢’E;/(4m,?) is We restrict ourselves to values Bfthat are large, but
the ponderomotive energy;e andm, are the electron peyertheless of an order of magnitude currently achiev-
charge and mass, arff. and w are the laser amplitude zpje experimentally. Kudasoet al.[11] have reported
and frequency. The cutoff valuyma, was also pre- experiments which obtain “reproducible uniform magnetic
dicted by quantum-mechanical theories [5]. Besides thgg|qs with B up to 1000 T in large useful volumes.” The
position of the cutoff, another important characteristic of«,caful volume” in Ref. [11] consists of a cylinder ap-
the HHG process is its efficiency, which is determined byproximately 10 mm in diameter and 100 mm long. The

the intensities of the harmonics on the plateau. _ duration of the magnetic pulses is a fems, which is
Demonstrated methods for controlling HHG include ;. |arger than typical laser field pulse durations, so
changing the polarization of the laser field [6], addingy,at one can consider the magnetic field as constant. The

a second frequency component to the laser field [7], Obresent calculations are carried out faf x 101 W/cn?
adding a static electric [8] or magnetic field [9,10]. With CO, laser, whose frequency iBw = 0.1165 eV. For

regard to control of HHG with a static magnetic field, Zuo simplicity we present our results for the Hnegative

etal.[9] noted that the intensity of emitted harmonics ion, for which there exist good variational representa-

IS d|m|n|s_hed _by the _sp_readl_ng of the _electron WaV€ions for the initial state wave functions [12]. Phenomena
packet prior to its recollision with the atomic core. They

S ' similar to those reported here for'Hshould occur also
proposed the use of a strong magnetic field to confine thllsor neutral atom targets [13]. Finally, we ignore the ef-

spreading and demonstrated, for a two-color calculationfect of the magnetic field on the Hground state wave

modest enhancement of HHG intensities for only ON& =~ ction. Even forB = 9000 T. the ground state wave

value of the magnetic inductiol = 0.28y = 47000 T, function is essentially unchanged for hyperspherical radii
where By = fi/(ead) = 2.3505 X 10° T. This value of y 9 ypersp

B is much larger than the maximum presently achievabl&k = \/rlz + r; = 6, within which the peak amplitude is
laboratory magnetic field (see below). Connerade andbcated [14]. Only the tail of the wave function f&r > 6
Keitel [10] also considered theoretically HHG in a strongis changed slightly owing to the magnetic field compres-
magnetic field for the case of an intense pump laser. Thegion [14].

focused on the possibility of generating even harmonics We obtain harmonic spectra by computing the
owing to relativistic motion of the laser-driven electron in quantum-mechanical dipole momdy, which is defined
the static magnetic field. by the Fourier transform of the time-dependent dipole
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Ty d(z) = f dt’ (u(t)|lerGp(t,t"eEr(¢) - rlu(t')) + c.c.,
Dy = fo ?td(t) expiNwr),  d(r) = (D(1)|er|® (1)), - )
where eE.(t') - r

) is the interaction of the elec-
where T = 27m/w and |®(z)) is the solution of the tron with the laser field in the length gauge,
Schrédinger equation for the system (atom plus laser fieldl(r)) = |uo) explil,t/h) is the atomic ground state,
plus magnetic field). Using the strong-field approximationand G, (z,t') is a Volkov-type Green’s function for the
and neglecting the continuum-continuum couplidgs)  electron in the presence of the laser field and the magnetic
can be written as [5] | field,

matrix elementl(z),

dqg > D Wunglp. b 2.0V, (p' ¢ 2 1) (3)

n=0 m=—ox

GL(r,t:x', 1) = —%6(; - t’)f

and V¥,,,(p,¢,z,1) is a solution of the SchrbdingeP which leads to a slight increase Mnax (by about 1 for
equation for the electron in the presence of both theB = 2000 T). Only the odd harmonics are generated be-
laser field and the static magnetic field in cylindrical cause the magnetic field preserves axial symmetry. For
coordinatesr = (p, ¢,z). Although we ignore the effect B = 2000 T there is a pronounced maximum of the har-

of the magnetic field on the initial state of the electron, it
is included inG.(z,¢') and hence it has an influence on the

monic intensity at abouwv = 15.
Figure 2 shows the odd harmonic intensities for=

electron’s intermediate states. In this paper we conside¥ = 19 as functions ofB. Figure 2(a) shows that there

the case of parallel field$E; || B) along thez axis,
for which Egs. (2) and (3) can be simplified [13]. The
summations over the quantum numbergnd m can be
performed analytically; the integral over thecomponent

are pronounced maxima fa& = 2000, 4000, 6000, and
8000 T. Clearly, there are optimum valueshofor which

the intensity of a fixed harmonic has maxima. Figure 2(b)
shows on an expanded scale the dependence of the

of the intermediate electron momentum is computed usingtensity of the 15th harmonic aB for 50 =< B < 500 T.

the saddle-point method, as in Ref. [5].

Figure 1 shows the harmonic intensity (i.e., the effi-
ciency, defined bylDy|?) for a 5 X 10'° W/cn? CO,
laser as a function of the harmonic ordsr for three
different values of the magnetic inductiolB =0T
(squares), 1000 T (triangles), and 2000 T (circles).
the H ion, 1, = 0.754 eV for B = 0, s0 thatNyax = 21,

Fo

Once again, one observes distinct peaks of intensity
for particular values ofB although all of the peaks in
Fig. 2(b) are of lower intensity than the one shown for
the 15th harmonic in Fig. 2(a) ne&r= 2000 T.

An interpretation of our quantum mechanical results
in Figs. 1 and 2 may be obtained from classical consid-
erations using the three-step model [3,4]. According to

which agrees with the results presented in Fig. 1 in thehis classical model, the electron is born at timeat

absence of the magnetic field. In the presence of th

¢he origin fr(zp) = 0] with zero initial momentum. It

magnetic field, one should take into account the magneticdhen moves under the influence of both the laser and

field-induced threshold Shif%ﬁwB, wherewg = eB/m,,
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FIG. 1. Harmonic intensities as functions of the harmonic
order N for the H™ ion in a CQ laser with intensityl; =

5 X 10" W/cn?. The magnetic field induction i =0T
(squares), 1000 T (triangles), and 2000 T (circles).
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static magnetic fields. Solving Newton'’s equation for the
electron, m,i = —e[E.(t) + r X B], one obtains the
electron kinetic energ¥; at the timer; when the electron
returns to the origin. The maximum of this energy and,
therefore, the cutoff energWmadio = I, + Eimax IS
determined by the two following conditions(z;) = 0
(i.e., the electron, after the return time = — 1,
comes back to the atomic core) aad, /oty = 0 (i.e.,
the optimum timer, at which the electron is born for
which E; has a maximum). For a linearly polarized laser
field E.(r) = E; sinwrz and a parallel magnetic field
B = Bz, Newton’s equation separates and, for zero initial
momentum, we haven,x = eBy, m,y = —eBx, and
mez = e[Ar(t) — AL(tp)], so that Ey = m.r?(1)/2 =
eH[AL(H) — AL(t))? + B*(x® + y»)}/(2m.). The elec-
tron rotates in the plane perpendicular to the magnetic
field with the cyclotron periodrgy = 277/ wp, while its
parallel motion is determined by the laser field only.
If 1, =1ty + 75, to + 275,..., at the time the electron
returns to the origin,z(s;) = 0, then the return time
T =1 — tp IS a multiple of the cyclotron periodp.
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6x10°5 . : : classical curveN(7) indicate particular return times for
each harmonic. Thus, f&f = 15, the shortest return time

\ @ corresponds to one cyclotron perieg for B = 2200 T;

ji18 the next return time (corresponding to two laser driving
': periods) corresponds to one cyclotron periegd for

i B = 1200 T; longer and longer return times (correspond-
! ing to increasingly many electron excursions up and down
ii thez axis under the influence of the laser field) correspond
|

|

1

4x10 |

to one cyclotron periodg for smaller and smalleB fields.
Interestingly neaB ~ 850 T, the N > 13 harmonics do
not have a classical orbit solution which returns to the
origin, while the N = 13 harmonics do. We conclude
that the various classical orbits the electron makes under
the influence of the laser field correspond to one cyclotron
periodrg for a wide range of values @, with the shortest
return times corresponding to the larg8stalues and the
longest return times corresponding to increasingly small,
densely spaced values Bf

In Fig. 4 we combine our quantum mechanical calcula-
tions with our classical orbit calculations in order to inter-
pret our theoretical predictions of magnetic-field-induced
intensity revivals in harmonic generation. This figure is
similar to Fig. 2(a), but it is not the same. Rather, for each
of the odd harmonic$5 = N = 19, we have carried out
classical calculations for the first return time(N), while
for N = 11, 13 we have calculated the second return time
72(N). InFig. 371(N) [72(N)] would be equal to the first
(second) intersection (from the right) of the appropriate
) , horizontal line with the curve. We now plot our quantum
100 200 300 400 500 mechanical results for the intensity of the harmonits=
N = 19vsBinterms ofr;(N)/75 = [eT;(N)/(27m,.)]B,
for i = 1,2. Classically, the motion along the axis is
FIG. 2. Harmonic intensities v8 for fixed harmonic order: independent o8 and hence so is;(N); the linear depen-

N =11 (solid line), 13 (dot-dashed line), 15 (dashed line), dence ofr;(N)/r on B stems from the division of;(N)
17 (dotted line), and 19 (long-dashed line). The laser field
and the H ion parameters are the same as in Fig. 1.
@0=B=8000T;()50=B=500T.

Harmonic Intensity (a.u.)
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Quantum mechanically, this classical prediction implies 207 / \

that the electron’s wave packet for motion along theis . Net17 y
N=15

under the influence of the laser field is coincident with the
magnetic-field-induced oscillation of the electronic wave
packet perpendicular to the axis. The solution of the
equationr(t;) = 0 leads toE; = 8U,a*b*/(a® + b?),
where a(o) = sino, b(o) = cosoc — sinog/o, and

o = w7/2, S0 thatE; max = 3.17U,. Useful informa- 1011 J
tion about the HHG process can be obtained by presenting “ u

E\ as a function of the return time [5].

In Fig. 3 we present classical calculations of the kinetic , , , ,
energy of the electron at the origifiy, as a function of 0 500 1000 1500 2000 2500
the return time,r. However, we do so in an indirect
way. Instead ofE;, we plot the harmonic ordeN =
(Ey + Ip)/ﬁw, Also, instead ofr, we plot the value of FIG. 3. Harmonic ordetV vs the magnetic inductio® for

B corresponding to a cyclotron periots, equal tor, i.e.,, ~ Which one cyclotron periods, equals the classical return
_ =27 /wy = 27m,/(eB) of B = 2mm,/(e7). time 7 of the electron to the origin. See text for details.
T 7B B sl e € The classical curve is presented both with (dashed curve)
The shortest return times thus correspond to the largeghg without (solid curve) inclusion of the magnetic-field-
magnetic fieldsB. The intersections of the horizontal induced threshold shift} iws, corresponding to the quantum-

lines shown for the harmonicsl = N = 19 with the = mechanical lowest energy of the electron in théield.

15

Harmonic Order N

B(M=2r/1
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6x10° . . laser field by adding a parallel static magnetic field. For
particular values oB, the intensity of particular harmonics

can be increased by orders of magnitude. Using a CO
laser and the H ion in our examples, we have shown

i

i
—~ i
S il . . . .
E’ 4x105 | ,' ! that the most important of these intensity maxima can
3 i be reached with magnetic field strengths comparable to
2 . :' : those experimentally available at present. We have also
2 115 i ll explained, using the classical three-step model, that the
g o105} \ . positions of the most intense maxima correspond to values
g ) :' ' of B for which an integer multiple of the classical period for

motion perpendicular to the magnetic field is equal to the

return time of the ionized electron to the atomic core. We

interpret this fact to mean that the harmonic intensity has

6 a maximum if the electronic wave packet is at the atomic
core both in the parallel and in the perpendicular directions
at the same time.

FIG. 4. Harmonic intensities forll = N = 19 plotted in This work was supported in part by the National

dimensionless units;(N)/75, wherei = 1 for 15 =N =19  Science Foundation under Grant No. PHY-9722110.
andi = 2 for N = 11,13. 7, (7,) is the classically calculated

first (second) shortest period for the return of the electron to

the origin under the influence of the laser field, andis the

cyclotron period. (Curve labeling is the same as in Fig. 2.)

T/ g

by 75. The dimensionless variables(N)/75, i = 1,2, *On leave from Faculty of Science and Mathematics,
measure the perioa;(N) for the first or second return Department of Physics, University of Sarajevo, Zmaja od
of the electron under the influence of the laser in units Bosne 35, 71000 Sarajevo, Bosnia and Herzegovina.
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