
PHYSICAL REVIEW A DECEMBER 1997VOLUME 56, NUMBER 6
Population, alignment, and coherence of the foil-excitedn52 hydrogen atoms:
Polarization observation of the field-dependent quantum beats in the Lyman-a line

Yasuyuki Kimura, Tetsuo Nishida, and Keishi Ishii
Department of Engineering Physics and Mechanics, Faculty of Engineering, Kyoto University, Kyoto 606-01, Japan

~Received 27 January 1997!

We have developed an experimental method for determining the initial density matrix of the foil-excited
atoms. The excited hydrogen (n52) atoms pass through a region of a variable electric field~2200 kV/m to
1200 kV/m!, and the intensity of the Lyman-a line ~121.6 nm! emitted in a free space downstream is
observed. By using a vacuum ultraviolet polarizer, the dependence of the intensities of the polarized compo-
nents on the electric field, including the field-dependent quantum beats, was measured and it was numerically
fitted to a calculation. Thus all the initial density matrix elements were determined in a single measurement. It
was found that, in the energy range 100–180 keV, just after the excitation, the electron cloud has higher
density in the front side of the ion and the electron probability current is backwards.@S1050-2947~97!06911-4#

PACS number~s!: 34.50.Fa, 32.60.1i, 42.50.Md, 33.20.Ni
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I. INTRODUCTION

In an anisotropic and instantaneous excitation of ato
~ions! by passing through a thin carbon foil, alignment, o
entation, and coherence are produced in their excited lev
The emission lines from these levels are polarized, and
some cases their temporal decay contains modulations w
are called quantum beats. The frequencies of these beats
respond to the energy splittings of the upper levels, and
amplitudes and the phases are determined by the detai
the state of these atoms~ions!. The initial state and its sub
sequent development are expressed by the density m
operator and its temporal evolution, respectively. The dia
nal element represents the ‘‘population’’ of a magnetic s
level, and the off-diagonal element represents the cohere
or the phase correlation, between a pair of the sublev
From a measurement of the polarization or of the quan
beats of a line, we can determine the state of the exc
atoms at the instance of the light emission. By tracing
temporal development back to the instance of excitation,
may be able to determine the initial state, or the initial de
sity matrix operator. The initial state is the result of the f
excitation, and the matrix elements contain the informat
concerning the excitation mechanism in the foil-atom int
action.

From now on, we concentrate on the hydrogenn52 at-
oms which are excited by a foil which is set perpendicular
the beam direction. No orientation is produced in this sy
metry. Table I gives the nonvanishing matrix elements on
uncoupled basis. The system evolves and an example o
temporal developments of the Lyman-a line ~121.6 nm! in-
tensity subsequent to excitation is shown in Fig. 1~a!; this is
a calculation result for a particular initial state of excitatio
The single exponential decay is superposed by a quan
beat having the frequency corresponding to
2 2P3/2– 2 2P1/2 splitting ~10.97 GHz!. Figure 2~a! shows the
relative energy values of these levels on the left-hand s
ends. The relative amplitude of the quantum beat is a m
sure of the population imbalance of the sublevels on
uncoupled basis, (spp12spp0)/(spp11spp0), or the align-
561050-2947/97/56~6!/4612~11!/$10.00
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ment. Dobbersteinet al. @1# determined the initial alignmen
by observing the quantum beat in the decay curve and t
result is given in Fig. 3~g!.

When an electric field is present, the 22S level and 22P
level mix each other as shown in Fig. 2~b!, where the degrees
of Stark mixing of the eight pure sublevels 22L j ,mj

pure into the

real sublevel ‘‘22P1/2,1/2’’ are shown as an example. Th
Lyman-a line intensity now contains a contribution from th
1 2S– 2 2S transition. Figure 2~a! shows the energy position
of these real levels as a function of the field strength. T
temporal decay now has the beat corresponding to
2 2S1/2– 2 2P1/2 splitting, i.e., the Lamb shift~1.06 GHz in
the low field limit!, in addition to the beat corresponding
the fine structure splitting. Examples are shown in Fig. 1~b!
as the initial decay in the period denoted as ‘‘field region
In the electric field, the energy splittings of the levels b
come larger@Fig. 2~a!#, so that the frequencies of the qua
tum beats become higher as seen in Fig. 1~b!. Thus the beats
become more difficult to resolve in experiment. In order
resolve them, the observation~slit! width has to be narrower
resulting in lower intensities and thus a low signal-to-no
ratio.

Alguard and Drake@2# observed the quantum beats in th
motional electric field perpendicular to both the beam dir
tion and the optical axis for observation@note that in Fig.
1~b! the field is parallel to the beam direction.# By adopting
a rather low spatial resolution they observed only the low
frequency beat corresponding to the Stark-shifted Lamb s
splitting. From the relative amplitude they determined t

TABLE I. The nonvanishing matrix elements on the uncoupl
basis.

us0& up1& up0& up21&

^s0u sss0 ssp0

^p1u spp1

^p0u ssp0* spp0

^p21u spp1
4612 © 1997 The American Physical Society
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56 4613POPULATION, ALIGNMENT, AND COHERENCE OF THE . . .
population ratio between the 2S and 2P levels. The result is
given in Fig. 3~f!.

The contribution from the coherence between theS andP
levels ~Table I! to the observed Lyman-a intensity has
opposite signs for the opposite directions of the elec
field. @See Appendix B and Figs. 6~d! and 6~e!.# Eck @3#
proposed that theS-P coherence can be determined from
comparison of the two decay curves with the electric fi
parallel or anti-parallel to the beam direction. Sellinet al.
and Gauppet al. @4,5# applied this method and determine
the S-P coherence. In Gauppet al.’s data analysis, previou
results of the 2P alignment@1# and the ratio of the 2S to the
2P populations@2# was used. The result is given in Figs. 3~d!
and 3~e!. Gabrielse@6# determined the ratio of the 2S to the
2P populations and the coherence for a wide beam ene
range~Fig. 3!. The previous result of the 2P alignment by
Winter and Bukow@7# ~mentioned later! was used@see Fig.
3~g!#. Their definition of the coherence term, however,
ambiguous so that their result is not shown. These auth
@4–6# observed only the lower frequency beat correspond
to the Stark-shifted Lamb shift splitting.

Since the electric field mixes the 2P level into the 2S
level, inducing the 12S– 2 2S transition, an increase in inten
sity against the electric field strength@compare Figs. 1~a! and
1~b!# corresponds to the relative population of 2S to 2P.

FIG. 1. The calculated intensityI diff
' (t,F0) of the Lyman-a line

as a function of time from the excitation. The region for light o
servation is denoted as ‘‘Observation Region.’’ The initial dens
matrix elements are assumed to be those determined from the
surement shown in Fig. 7.~a! An electric field is absent,~b! an
electric field is applied as shown in Fig. 5 withF05233 kV/m
~-----!, which gives one of the bottoms of the beat in Fig. 7~b!, and
with F05243 kV/m ~———!, which gives the adjacent top in Fig
7~b!.
c

y
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Clouvaset al. @8# measured the Lyman-a line intensity inte-
grated over a certain time intervalin the external field as a
function of its strength and direction. They determined t
population ratio@Fig. 3~f!#, and concluded that the coheren
is negligibly small.

All the experiments introduced above were concern
with the line intensity with the polarized components un
solved. Polarization is another source of information co
cerning the state of atoms. Winter and Bukow@7# measured
the polarization of the Lyman-a line and determined the
alignment of the 2P level for the low energy range where th
quantum beat measurement was impractical@Fig. 3~g!#.

In principle, from a single measurement of the quantu
beats with the polarized components unresolved, the sta
the atoms, i.e., all the populations, alignment, and cohere
could be determined. However, the experiments introdu

ea-

FIG. 2. ~a! The relative energy values of the levels of H (n52)
atoms with respect to 22P3/2,63/2 as functions of the electric field
strength~it is not F0 defined later!. The 22P3/2– 2 2P1/2 energy
splitting in the low field limit is 10.97 GHz~fine structure! and the
2 2S1/2– 2 2P1/2 energy splitting in the low field limit is 1.06 GHz
~the Lamb shift!. ~b! The degree of Stark mixing in the rea
‘‘2 2P1/2,1/2’’ sublevel. The four curves represent the mixing degr
of each of the eight pure sublevels; 22P1/2,1/2

pure , 2 2S1/2,1/2
pure , 2 2P3/2,1/2

pure

and the other five sublevels~2 2P3/2,63/2
pure , 2 2P1/2,21/2

pure , 2 2S1/2,21/2
pure ,

2 2P3/2,21/2
pure !. Since the energy of 22P3/2,1/2

pure is far from that of
2 2P1/2,1/2

pure as compared with that of 22S1/2,1/2
pure , the mixing degree of

2 2P3/2,1/2
pure is small. Since the field couples sublevels which have

same projection components ofj on the field direction, 22P3/2,3/2
pure or

2 2P3/2,23/2
pure does not mix with other sublevels.
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FIG. 3. The initial density matrix elements vs the beam energy. The surface density of the foils used in each experiment is show
parentheses in units ofmg/cm2, with the format of~surface density!-~reference number!. ~a! sss0 , ~b! spp0 , ~c! spp1 , ~d! Re(ssp0),
~e! Im(ssp0), ~f! the ratio of the 2S to the 2P populations; sss0 /(spp012spp1), ~f! the alignment of the 2P level;
(spp12spp0)/(spp11spp0).
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above@1,2,4–6,8# succeeded in determining only a part of
It is because, with the polarized components unresolved~1!
as Gabrielse pointed out@6#, the magnetic sublevel popula
tions ~so the alignment! of the 2P level is difficult to deter-
mine from the quantum beat measurement, since the pat
of the beat derived from each of them are similar.~2! Since
theS-P coherence term~the off-diagonal element! is usually
small in comparison with the diagonal elements, the rela
amplitude of the beat stemming from theS-P coherence is
small. If we incorporate a polarization resolved measurem
with a quantum beat measurement, that would help the
multaneous determination of the above quantities. This
because the intensity ratio between the linearly polari
components, or the linear Stokes parameter, depe
strongly on theP level alignment.

Ishii et al. @9# observed the Lyman-a line in an electric
field with a high enough spatial resolution to resolve the fi
structure quantum beat and with the polarized compon
resolved. By adopting a MgF2 coated toroidal mirror as a
rns
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polarizer, they accomplished a high spatial resolution. Th
succeeded in determining all the nonzero density matrix
ements by a single measurement, as shown as ‘‘Ishii’’ in F
3. The results, however, are accompanied by large uncer
ties, and, in some case, substantially different from ot
measurements~negative alignments in contrast to the po
tive ones by other experiments!. It may be concluded tha
their signal-to-noise ratio~SNR! values were not high
enough.

The ideal experiment would be the one in which we ap
an electric field and observe the quantum beats with the
larized components resolved, still with a high enough SN
value. For the last requirement we should take the obse
tion region wide as shown in Fig. 1. Figure 1~b! suggests
that, if we apply an electric field over a certain period a
turn it off, the behavior of the subsequent decay curve
strongly dependent on the beat structure during the field
gion. This can be understood from Fig. 2: Suppose the e
tric field starts from null, increases to a certain value, a
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FIG. 3. (Continued).
ta
e

he
hi
f

-
ie
re
e
d
a

o

tic
ws

foil,
out

de
lec-

a

-
lds
be
then decreases to null. The atom starts from its initial s
and experiences phase changes according to the chang
energy and level mixing in the field. When it returns to t
null field, the initial atomic state has been modified, and t
state serves as the initial states of the subsequent decay o
Lyman-a line intensity.

Thus the following geometry may fulfill all the require
ments: Just after the foil excitation an electric field is appl
over a certain distance and after that we observe the fluo
cence over a certain distance with the polarized compon
resolved. On the basis of this consideration we develope
technique in which, by measuring the line intensity with
high SNR, we can determine all the matrix elements in
single experiment. In the following we describe the meth
and the result.
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II. EXPERIMENTAL SETUP

A proton (H1) beam was produced by an electrosta
accelerator and led to a collision chamber. Figure 4 sho
schematically the structure inside the chamber: a target
and a set of electrode disks. The pressure is ab
531027 torr. The observation region of the beam is insi
the electrode tube. The part of the structure from the e
trode disk I to the electrode disk II is surrounded by
grounded cell~200 mm3150 mm3160 mm, not shown in
Fig. 4! made of Permalloy which has an entrance hole~8.0
mm diameter!, an exit hole~10.0 mm diameter!, and an
opening (75 mm315 mm) for light observation. The pur
pose of this cell is to shield the magnetic and electric fie
outside. The earth magnetic field inside is estimated to
e, and the
FIG. 4. The experimental setup. Insets show the detailed structure of the electrode disk I, the entrance side of the electrode tub
vuv polarizer.



n
ng

er
e
-
m

m
.0
id

.2
n-

t
a
c
he
,

l

he
r
l

ita

ub
k
th

-

ed.
with
la-

ire
on

m

he
l

at a

art
d to
rode
The
ed

-
day
sh.

artz
the
g of

as
ted
ary
the
ms

the
ion
of

et
-

°.
d
a-
nd

he
the

t
e
ion
the
be
ef-

in
to
or

e

th
og

4616 56YASUYUKI KIMURA, TETSUO NISHIDA, AND KEISHI ISHII
less than 0.01 G. Therefore, in our experiment, the motio
electric field is less than 5 V/m for hydrogen atoms movi
with the energy of 180 keV and is well neglected.

An aperture in front of the foil limits the beam diamet
hitting the target foil to 3.0 mm. A carbon foil of surfac
density of 5mg/cm2 ~YISSUM Research Development Com
pany! was used. The foil is self-supported on an aluminu
holder with a center hole~diameter 4.0 mm!, which is in-
serted in the center hole of the grounded cylindrical alu
num electrode disk I~diameter 120.0 mm, thickness 20
mm!. The foil is on the same plane as the downstream s
surface of the electrode disk I.

The cylindrical aluminum electrode tube is placed 10
mm downstream from the electrode disk I. A Teflon cyli
drical spacer~10.2 mm thickness, not shown in Fig. 4! with
a center hole is inserted between them, in order to set
distance between the downstream surface of the disk I
the upstream surface of the electrode tube with high ac
racy, and to prevent the stray light from coming out. T
electrode tube~diameter 120.0 mm, total length 71.1 mm
thickness 10.0 mm! has an aluminum entrance disk~diameter
120.0 mm, thickness 5.0 mm! which has a center hole~di-
ameter 4.0 mm! and an aperture~diameter 3.0 mm!. This
tube has an opening (20.0 mm312.0 mm) on the side wal
for light observation. An aluminum exit disk~diameter 120.0
mm, thickness 3.5 mm! with a center hole~diameter 4.0 mm!
is placed at the end of the tube. The electrode tube was
at a potential of22000–12000 V by a high voltage powe
supply ~ORTEC 556!, which was controlled by a persona
computer. The supplied voltage was monitored by a dig
voltmeter. Thus an electric field~the first electric field! was
created between the electrode disk I and the electrode t

The electric field in the space around the electrode dis
and the electrode tube was calculated numerically by
finite element method~FEM!. Figure 5 shows thez ~the di-
rection of the beam! component of the electric field calcu
lated: @F(t)/F0#z , where F0 is the voltage applied to the

FIG. 5. Thez component of the electric field in the region of th
electrode disk I and the electrode tube,@F(t)/F0#z , whereF0 is the
voltage supplied to the electrode tube divided by 10.2 mm with
sign reversed. The upper abscissa is the time scale for hydr
atoms with 181 keV. The three curves give@F(t)/F0#z on the center
axis, at 0.75 mm from it and at 1.5 mm, respectively.
al
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electrode tube divided by 10.2 mm with the sign revers
The upper abscissa is the time scale for hydrogen atoms
the energy of 181 keV. For convenience of the later calcu
tion, the field F(t) is treated as a function of timet. In
addition to thet ~or z! dependence, the fieldF(t) depends on
the radial position. The three curves give@F(t)/F0#z on the
center axis, at 0.75 mm from it and at 1.5 mm~beam edge!,
respectively. In the following, in order to represent the ent
field F(t) in these regions and to denote its dependence
the voltage supplied to the tube,F0 is used and called ‘‘field
strength’’ which takes both positive and negative values.

Further downstream a grounded cylindrical aluminu
electrode disk II~diameter 120.0 mm, thickness 20.0 mm!
with a center hole~diameter 4.0 mm!, is placed symmetri-
cally to the disk I. The electric field between this disk and t
tube ~the second electric field! is necessary in order to repe
the convoy electrons, when the electrode tube is held
positive potential.

After passage of the beam through the carbon foil, a p
(;10%) of the ions was neutralized and the rest remaine
be ions. The beam which passed through the set of elect
disks was collected by a Faraday cup far downstream.
beam current due to the ions was integrated, digitiz
~ORTEC 439! with 102 pulse/mC, counted, and finally trans
ferred to a personal computer. The bottom of the Fara
cup has an opening which is covered with a tungsten me
A part of the beam passing through the mesh hit the qu
window. The light from the fused quartz surface showed
beam shape and was utilized for the purpose of checkin
the foil breakage. The electrode biased to2200 V to the
ground potential having aperture of 27 mm diameter w
placed in front of the Faraday cup. This electrode preven
electrons from coming into the cup and also the second
electrons produced inside the cup going out. Owing to
grounded cell, this electric potential did not affect the ato
inside it.

The light emitted by the beam atoms went through
openings of the electrode tube and the cell, in the direct
perpendicular to the beam direction. The solid angle
2.431023 sr was determined by the vacuum ultraviol
~vuv! polarizer~Fig. 4!. The polarizer consists of three mir
rors. The first mirror is a plane mirror~45 mm340 mm,
thickness 8 mm! of fused silica. The incidence angle is 60
The second mirror is a toroidal mirror of gol
(52 mm352 mm), with the incidence angle of 30°. The r
dius of the surface in the plane of incidence is 281.0 mm a
that perpendicular to it is 210.0 mm. The third mirror is t
same as the first one. By the toroidal mirror, the image of
beam is focused on the aperture~diameter 14.0 mm! in front
of the photomultiplier tube~PMT! by one-to-one imaging
~focal length 281.0 mm!. The optical axis of the inciden
light on the first mirror and that of the reflected light by th
third mirror are on the same straight line. The transmiss
axis is selected by rotation of these three mirrors around
optical axis. The polarization efficiency is calculated to
380 according to the conventional optical constants. The
ficiency was determined to be 27 in this experiment~see
later!.

The observation region determined by the aperture
front of the PMT was the part of the beam from 20.8 mm
34.8 mm downstream from the foil. As is seen in Fig. 1
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Fig. 5, for example, it spans from 3.53 ns to 5.91 ns in
time scale for 181 keV atoms. It may be noted that the
served integrated intensity is rather insensitive to the ex
definition of the observation region. The PM
~HAMAMATSU R1459! has a MgF2 window which trans-
mits the light with wavelength 120 nm or longer, and ha
CsI photocathode~diameter 25.0 mm! which is sensitive to
light below 200 nm. The only emission line from hydroge
atoms in this wavelength range is the Lyman-a line. The
output signal from the PMT was counted by the stand
photon counting technique, and transferred to the pers
computer.

III. PRINCIPLE OF EXPERIMENT
AND ANALYSIS METHOD

The quantization axis is chosen to be the beam direc
~1z direction!. It is assumed that, in passage of an at
through a carbon foil, the interaction affects only the orbi
angular momentum and leaves the spin isotropic. The
semble of excited atoms just after the passage is represe
in terms of the uncoupled basis setsu lml&usms&. Since the
foil normal is parallel to the quantization axis, the ensem
is reflection and axially symmetric. The initial density matr
elements in the uncoupled basis set,^ l 8ml8sms8ur~0!ulmlsms&,
satisfy the following relation~see also Table I!:

^ l 8ml8sms8ur~0!u lmlsms&5s l 8 l uml udmlml8
dmsms8

. ~1!

It is noted that they do not depend on the sign ofml .
Owing to the spin-orbit interaction, the density matrix o

erator r(t,F0) is described in terms of the coupled bas
u( ls) jmj&. The hyperfine structure is ignored. The time ev
lution of the density matrix operator satisfies the equatio

i\
]r~ t,F0!

]t
5H~ t,F0!r~ t,F0!2r~ t,F0!H~ t,F0!†, ~2!

where H(t,F0) is the total Hamiltonian of the hydroge
atom and has the form

H~ t,F0!5H01HD1HF~ t,F0!. ~3!

The first termH0 consists of the kinetic energy, the electr
static potential energy, the spin-orbit interaction, and
Lamb shift. The second termHD is the decay Hamiltonian
The third termHF(t,F0) represents the interaction of th
atom with the external electric field, given by

HF~ t,F0!52d•F~ t !51er•F~ t !, ~4!

whered is the electric dipole operator,F(t) is the electric
field affecting the atom~shown in Fig. 5!, e(.0) is the
elementary electric charge, andr is the electron position vec
tor.

For a 181 keV hydrogen atom, for example, maximu
rate of the change in the field strength is 200 kV/m per
ns. If we take the pair of the levels in Fig. 2 that tend to t
2 2S1/2 and 22P1/2 in the absence of the field, the ‘‘trans
tion’’ rate ^2 2S1/2,1/2u ]/]t u2 2P1/2,1/2& is estimated from Fig.
2~b! to be .109 (s21) at about 200 kV/m. This is much
smaller than the energy difference in the angular freque
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units, ;2p353109 (s21). Thus the evolution is adiabati
throughout the course of time.

The time evolution of the density matrix operator@Eq.
~2!# is solved numerically by the Runge-Kutta-Gill metho
by using the time evolution operatorU(t,F0). The calcula-
tion is executed throughout the time from the foil to the e
of the observation region with the time step of 0.0024 ns.
the calculation, owing to the limitation of the CPU time, th
field on the radial position of 0.75 mm~solid line in Fig. 5!
was used asF(t) for all the atoms in the beam and the rad
component~14% of F0 at most! was ignored.

The intensity of the polarized componentP of the emis-
sion line at timet, I diff

P (t,F0), is given by

I diff
P ~ t,F0!5tr@M Pr~ t,F0!#, ~5!

whereM P is the monitoring operator which depends on t
observation direction and the polarization stateP. In the fol-
lowing, i denotes the parallel direction of the linear polariz
tion to the beam, and' the perpendicular direction. Detail
of M P and the calculation procedure of the intensity a
given in Appendix A and B, respectively.

From Eq.~B9!, we calculate the intensity. Figure 1 show
an example ofI diff

' (t,F0) calculated for a particular set of th
initial density matrix elements. Duringt50 – 1.73 ns, the
181 keV atoms pass through the field region between
electrode disk I and the electrode tube, and dur
t53.53– 5.91 ns they are in the observation region. Fig
1~b! is for the cases ofF05233 kV/m ~the broken curve!
andF05243 kV/m ~the solid curve!.

The intensity of the line in the free space integrated o
a time period, sayt0 to t1 , I t0,t1

P (F0), is given by

I t0 ,t1
P ~F0!5E

t0

t1
I diff

P ~ t,F0!dt. ~6!

As is suggested by Fig. 1~b!, this integrated intensity has
significant dependence on the field strength. The nonz
matrix elements in Table I gives rise to the intensity~the
details of derivation are given in Appendix B!

I t0 ,t1
P ~F0!5sss0I ss0;t0 ,t1

P ~F0!1spp0I pp0;t0 ,t1
P ~F0!

1spp1I pp1;t0 ,t1
P ~F0!1Re~ssp0!I Re~sp0!;t0 ,t1

P ~F0!

1Im~ssp0!I Im~sp0!;t0 ,t1

P ~F0!, ~7!

where Re(ssp0) represents the real part of the off-diagon
element ssp0 and Im(ssp0) its imaginary part. We call
I l ,l 8,ml ;t0 ,t1

P (F0) the fundamental intensity. It is calculate

from M P,t0 ,t1 , the fieldF(t), and known parameters suc
as the energy values, theA coefficients and the wave func
tions. Since the fieldF(t) is calculated numerically, the fun
damental intensityI l ,l 8,ml ;t0 ,t1

P (F0) is calculated numerically,

and an example is shown in Fig. 6.
Roughly speaking, the fundamental intensityI ss0;t0 ,t1

P (F0)

as a function ofF0 increases againstuF0u @Fig. 6~a!#. This is,
of course, due to the mixing of theP levels in theS level
@Fig. 2~b!#. Thus the symmetric increase in the sign
gives the relative populationsss0 . The populationsspp0



4618 56YASUYUKI KIMURA, TETSUO NISHIDA, AND KEISHI ISHII
FIG. 6. The fundamental intensities for 181 keV.~a! I ss0,t0 ,t1

i (F0) ~———! or I ss0,t0 ,t1
' (F0) ~-----!. ~b! I pp0,t0 ,t1

i (F0) ~———! or

I pp0,t0 ,t1
' (F0) ~-----!. ~c! I pp1,t0 ,t1

i (F0) ~———! or I pp1,t0 ,t1
' (F0) ~-----!. ~d! I Re(sp0),t0 ,t1

i (F0) ~———! or I Re(sp0),t0 ,t1

' (F0) ~-----!. ~e! I Im(sp0),t0 ,t1

i (F0)

~———! or I Im(sp0),t0 ,t1

' (F0) ~-----!.
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and spp1 give the opposite intensity ratios of the pola
ized components@Figs. 6~b! and 6~c!#. The ratioI t0 ,t1

i (F0)/

I t0 ,t1
' (F0) results in the alignment, orspp0 /spp1 . The coher-

ence gives the asymmetry of intensity for the sign
F0 @Figs. 6~d! and 6~e!#. It is noted that the beats o
the fundamental intensitiesI ss0;t0 ,t1

P (F0), I pp0;t0 ,t1
P (F0),

I pp1;t0 ,t1
P (F0), andI Re(sp0);t0,t1

P (F0) have a common phase; i.e

in phase or antiphase. The fundamental intensity for
imaginary part of the coherence has the beat out of phas
p/2 or 3p/2 from the other beats@Fig. 6~e!#. Thus the phase
of the signal gives this quantity. The period of the beat giv
a very good measure of the speed of the atoms.

The curves in Fig. 7 correspond to a combination of
fundamental intensities for the particular set of the init
density matrix elements as mentioned in Fig. 1~a!. We call
these modulations the ‘‘field-dependent quantum bea
TheF0 value of243 kV/m in Fig. 1~b! gives one of the tops
of the modulation of the curve in Fig. 7~b! and 233 kV/m
gives one of the bottoms. Thus, in our method, even if
observation region is significantly wider than the periods
the original quantum beats, significant modulations of int
sity is retrieved. This is contrasted to the experiment
Clouvaset al. @8#, in which a line intensity is observed wit
f

e
by

s

e
l

’’.

e
f
-
y

a wide observation width in a field region and the modu
tions are smeared out@compareI diff

' (t,F0)’s before and after
t51.73 ns in Fig. 1~b!#.

IV. EXPERIMENTAL PROCEDURE AND RESULTS

A systematic procedure was adopted for measuring
intensity of the linearly polarized components of th
Lyman-a line as a function of the external electric fie
strength and direction. First, by holding the center electro
tube at a positive potential with respect to the ground~cre-
ated field direction is denoted by ‘‘neg.’’!, the transmission
axis of the vuv polarizer was set parallel~i! to the beam
direction. The absolute value of the center electrode t
potential was increased from 0 to 2000 V with 20 V steps.
each step, the number of photoelectron pulses was cou
for 5 s, simultaneously with the measurement of the be
current with the Faraday cup. If the beam current deviated
more than610% from a preset value, the ion beam curre
was adjusted and then the procedure was repeated. Fo
other 5 s, the number of photoelectron pulses was coun
The observed intensityI O

i (F0) @and I O
'(F0)# was defined as

the sum of the photon counts divided by the collected
charge~typically 15mC! during the measurement unit~10 s!.
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After completion of this procedure the potential of th
electrode tube was switched to negative~pos.!, and a similar
procedure was followed. Then, the transmission axis of
vuv polarizer was rotated by 90°~'!. Thus one complete
series ~one single measurement! consisted of
neg./i→pos./i→pos./'→neg./' ~seriesA!. The next series
consisted of→neg./'→pos./'→pos./i→neg./i ~series B!.
Then a similar procedure was followed. A total of four sing
measurements were executed for one beam energy.

An example of the observed intensities as a function ofF0
by one single measurement is shown in Fig. 7:~a! shows
I O

i (F0) and~b! showsI O
'(F0). The I O

i (F0) andI O
'(F0) were

least squares fitted by Eq.~7!, i.e., by linear combinations o

FIG. 7. An example of the observed Lyman-a intensities. The
abscissa is the field strengthF0 . The beam energy is 181 keV. Th
curve is the result of the least squares fitting to Eq.~7!. ~a! I O

i (F0)
and ~b! I O

'(F0).
e

I t0 ,t1

i (F0) and I t0 ,t1
' (F0). Here, the initial matrix elements

~Table I!, which were so normalized that their trace was
~the number of independent parameters were 4!, the polar-
ization efficiency of the vuv polarizer, the detection ef
ciency of the PMT and the atom energy, were adjusted
determined. The curves in this figure are the result of
fitting. The matrix elements and the beam energy given
Fig. 1~a! were obtained by this single measurement shown
Fig. 7. Their uncertainties come from the statistical ones

All the initial density matrix elements had no dependen
on the order of measurement~seriesA or B!. Among the
matrix elements obtained by each of the four single meas
ments, onlysss0 showed a slight dependence on the i
beam dose to the foil@10# at all the beam energies; the pop
lation of the 2s level (sss0) increased with the beam dose b
several percent. The magnitude was larger for the low
beam energy.

We averaged the matrix elements determined in each
the four measurements and obtained the result shown
Table II. The uncertainty represents PE~0.6745 times stan-
dard deviation of the four values!. It may be noted that thes
uncertainties are larger than those in Fig. 1~a! by an order of
magnitude. The beam dose effect may contribute to the la
uncertainties. For 100 keV, only two data were taken and
uncertainty was not determined.

Figure 3 compares the present result with the previ
ones @1,2,5–9,11#. The surface density of the foil used i
each experiment is also shown in the parentheses in uni
mg/cm2 with the format of~surface density!-~reference num-
ber!. It is not clear whether the energy in the literature re
resents the incident ion energy or outgoing atom energy
view of the difficulties in the previous experiments, as h
been mentioned in the Introduction, and the differences
the surface densities of the foil, the overall agreement sho
be regarded good, except for a few cases. These cases a~i!
the sss0 by Gabrielse@6#, ~ii ! the ssp0 by Gauppet al. @5#,
~iii ! the population ratio between 2S and 2P by Alguard and
Drake @2#, and ~iv! the alignment by Ishiiet al. @9#. In the
last case of alignment our result shows the local minimum
154 keV. This may be in accordance with the result by Do
bersteinet al. @1#. The differences of~i! and ~iii ! may be
attributed to the beam dose effects which is intense for lo
beam energy.

V. DISCUSSION

According to Burgdo¨rfer’s semiclassical interpretatio
@12#, the real part of the off-diagonal element Re(ssp0) rep-
resents the ensemble mean of thez component of the electric
dipole;^dz&, and the imaginary part Im(ssp0) the mean of the
z component of the velocity of the electron at the periheli
of the elliptic orbit; ^@L3A#z&. Here,L is the angular mo-
TABLE II. Obtained initial density matrix elements. The uncertainty represents the PE~where PE denotes
probable error!.

Energy sss0 spp0 spp1 Re(ssp0) Im(ssp0)

100.5 0.351 0.203 0.223 20.029 10.040
126.060.8 0.39660.009 0.17960.008 0.21360.003 20.04560.005 10.04560.002
154.360.3 0.41960.008 0.18660.006 0.19760.003 20.04760.004 10.04260.004
181.560.7 0.42160.008 0.16460.004 0.20760.004 20.04360.007 10.05260.005
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FIG. 8. ~a! The electron probability density
D(r) for 181.5 keV H (n52) atoms. The hydro-
gen atoms travel in the positive direction of thez
axis. The direction perpendicular to it is the arb
trary radial direction (r ). The range shown is
220a0<z<120a0 and 220a0<r<120a0 ,
where a0 is the Bohr radius.~b! The electron
probability current densityj~r!. The arrows repre-
sentj~r!. The range shown is210a0<z<110a0

and210a0<r<110a0 .
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mentum operator, andA is the Runge-Lenz operator. Th
present experiment shows that, in the energy range 100–
keV, the electron cloud of the H(n52) atom just after the
excitation extends to be in the forward direction from t
proton, and the mean of thez component of the velocity o
the electron at the perihelion is negative.

According to Haveneret al.’s quantum mechanical inter
pretation@13#, the electron probability densityD(r) and the
electron probability current densityj~r! are given by the di-
agonal and off-diagonal elements. Figure 8~a! showsD(r)
derived from the density matrix elements listed in Table
for 181.5 keV H(n52) atoms. The hydrogen atoms travel
the positive direction of thez axis. The direction perpendicu
lar to it is the arbitrary radial direction (r ). This figure shows
that the electron probability density is higher in the forwa
direction to the proton than backward. It is due to the ne
tive Re(ssp0). Figure 8~b! showsj~r!. The flow direction of
the j~r! is determined by Im(ssp0).

In Fig. 7, in the range of the field210–110 kV/m, the
observed intensities of both the polarized components
slightly lower than the fitted curves. This may be related w
the cascade contribution from the 3S level: for higher field
the cascade enhances the observed intensity slightly owin
the Stark mixing between the pure 3S and 3P, 3D levels.
80

I

-

re
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The cascade contributions from the pure 3P and 3D levels
are almost independent of the field strength.
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APPENDIX A: MONITORING OPERATOR

The monitoring operatorM P is defined by

M P5KP~l!(
0

~e•d!†u0&^0u~e•d!, ~A1!

whereKP(l) is a constant which contains the solid angle
the optics, the efficiency of the PMT and so on,e is the
polarization vector which specifies the observed polarizat
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state, andd is the electric dipole operator. The ketu0& repre-
sents the lower states of the transition.

APPENDIX B: FUNDAMENTAL INTENSITY

The state vectors on the uncoupled basis sets are re
sented byua&,ub&,... andthose on the coupled basis sets a
represented byua&,ub&, . . . . Namely, the following simpli-
fied symbols are used:

ua&5u l a ,ml a
,sa ,msa

&, ~B1!

ua&5u j a ,mj a
&. ~B2!

With the time evolution operatorU(t) @14#, the density
matrix operator at timet is given by
re-

r~ t,F0!5U~ t,F0!r~0!U~ t,F0!†. ~B3!

From Eq. ~B3! and Eq. ~2!, the time evolution operato
U(t,F0) satisfies the following differential equation:

i\
]U~ t,F0!

]t
5H~ t,F0!U~ t,F0!, ~B4!

where H(t,F0) is the total Hamiltonian of the ensemb
given by Eq.~3!. In this work, Eq.~B4! is solved numerically
by the Runge-Kutta-Gill method.

The polarized component intensity of the line at timet,
I diff

P (t,F0), is obtained fromr(t,F0) by Eq. ~5!.
I diff
P ~ t,F0!5tr@M Pr~ t,F0!# ~B5!

5(
a

(
b

^auM Pub&^bur~ t,F0!ua& ~B6!

5(
a

(
b

^auM Pub&^buU~ t,F0!r~0!U†~ t,F0!ua& ~B7!

5(
a

(
b

(
g

(
d

^auM Pub&^buU~ t,F0!ug&^gur~0!ud&^duU†~ t,F0!ua& ~B8!

5 (
j a ,mj a

(
j b ,mj b

(
j g ,mj g

(
j d ,mj d

(
l a ,ml a

,sa ,msa

(
l b ,ml b

,sb ,msb

^ j a ,mj a
uM Pu j b ,mj b

&^ j b ,mj b
uU~ t,F0!u j g ,mj g

&

3^ j d ,mj a
uU†~ t,F0!u j a ,mj a

&^ j g ,mj g
u l a ,ml a

,sa ,msa
&

3^ l b ,ml b
,sb ,msb

u j d ,mj d
&^ l a ,ml a

,sa ,msa
ur~0!u l b ,ml b

,sb ,msb
&. ~B9!

The intensity integrated over timet0 to t1 , I t0 ,t1
P (F0), is given by

I t0 ,t1
P ~F0!5E

t0

t1
I diff

P ~ t,F0!dt ~B10!

5 (
l a ,ml a

,sa ,msa

(
l b ,ml b

,sb ,msb

^ l a ,ml a
,sa ,msa

ur~0!u l b ,ml b
,sb ,msb

&I l a ,ml a
,sa ,msa

,l b ,ml b
,sb ,msb

;t0 ,t1
P ~F0!, ~B11!

where, the fundamental intensityI l a ,ml a
,sa ,msa

,l b ,ml b
,sb ,msb

;t0 ,t1
P (F0) is defined by

I l a ,ml a
,sa ,msa

,l b ,ml b
,sb ,msb

;t0 ,t1
P ~F0!5E

t0

t1

(
j a ,mj a

(
j b ,mj b

(
j g ,mj g

(
j d ,mj d

^ j a ,mj a
uM Pu j b ,mj b

&^ j b ,mj b
uU~ t,F0!u j g ,mj g

&

3^ j d ,mj d
uU†~ t,F0!u j a ,mj a

&^ j g ,mj g
u l a ,ml a

,sa ,msa
&^ l b ,ml b

,sb ,msb
u j d ,mj d

&dt.

~B12!
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As has been shown in Table I, the independent nonzero
trix elements aresss0 , spp0 , spp1 , andssp0 . The diagonal
elements are real and the off-diagonal element is comp
The number of unknown parameters to be determined f
the experiment are four, since the trace of the matrix is n
malized to 1. Equation~B11! is equivalent to Eq.~7! in Sec.
III.

Figure 6 shows the fundamental intensities for our pres
geometry~Figs. 4 and 5!. The quantityI ss0,t01

P (F0), for ex-

ample, shows the line intensity to be observed when the
tire population is in theS level. It is zero atF050 and
increases with an increase ofuF0u. This is due to the increas
in the mixing of theS andP ~Fig. 2!. In the absence of the
field the ratio of the fundamental intensitiesI pp0,;t0t1

i (F0):

I pp0;t0,t1
' ~F0):I pp1;t0,t1

i ~F0):I pp1;t0,t1
' (F0) is 5:2:4:7. This is

simply the result of the coupling of the angular momen
from the uncoupled basis to those in the coupled basis
calculation shows that the increase ofI pp0;t ,tg

P (F0) and the

0 1

.

.

a-

x.
m
r-

nt

n-

A

decrease ofI pp1;t0,t1
P (F0) with an increase ofuF0u are more

pronounced when the field disappears more slowly. T
these dependences are the result of the readjustment o
populations at the boundary: the increase ofI pp0;t0,t1

P (F0)

stems from the decrease of the decay rate of the Stark m
P level. The phases of the modulation of bothI pp0;t0,t1

P (F0)

andI pp1;t0,t1
P (F0) are antiphase to that ofI ss0,t0,1

P (F0). It rep-

resents the transfer of the population between the2S1/2 level
and mainly the2P1/2 level in the time evolution of the atom

Since the coherencessp0 is concerned with the asymme
try of the electron state with respect to the forward and ba
ward direction, its effect is antisymmetric with respect to t
change of the direction of the field. The beat
I Re(sp0);t0,t1

P (F0) is in phase with that ofI ss0;t0 ,t1
P (F0) for posi-

tive F0 and antiphase for negativeF0 . The phase difference
between the beat ofI Im(sp0);t0,t1

P (F0) and theI ss0;t0 ,t1
P (F0) is

p/2 or 3p/2.
d

El

ley,
@1# P. Dobberstein, H. J. Andra¨, W. Wittmann, and H. H. Bukow,
Z. Phys.257, 272 ~1972!.

@2# M. J. Alguard and C. W. Drake, Phys. Rev. A8, 27 ~1973!.
@3# T. G. Eck, Phys. Rev. Lett.31, 270 ~1973!.
@4# I. A. Sellin, J. R. Mowat, R. S. Peterson, P. M. Griffin, R

Laubert, and H. H. Hasselton, Phys. Rev. Lett.31, 1335
~1973!.

@5# A. Gaupp, H. J. Andra¨, and J. Macek, Phys. Rev. Lett.32, 268
~1974!.

@6# G. Gabrielse, Phys. Rev. A23, 775 ~1981!.
@7# H. Winter and H. H. Bukow, Z. Phys. A277, 27 ~1976!.
@8# A. Clouvas, M. J. Gaillard, J. C. Poizat, J. Remillieux, A
Denis, and J. De´sesquelles, Phys. Rev. A31, 84 ~1985!.
@9# K. Ishii, T. Nakajima, S. Masui, Y. Yoshida, M. Seguchi, an

M. Kimura, Z. Phys. D23, 55 ~1992!.
@10# D. L. Harper, R. G. Albridge, N. H. Tolk, W. Qi, D. D. Allred,

and L. V. Knight, Phys. Rev. A52, 4631~1995!.
@11# H. P. Garnir, Y. Bandinet-Robinet, P. D. Dumont, and A.

Himdy, Z. Phys. D14, 45 ~1989!.
@12# J. Burgdörfer, Z. Phys. A309, 285 ~1983!.
@13# C. C. Havener, N. Rouze, W. B. Westerveld, and J. S. Ris

Phys. Rev. A33, 276 ~1986!.
@14# K. Blum, Density Matrix Theory and Applications~Plenum,

New York, 1981!.


