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Abstract

We have calculated the beam current density effect on the degree of polarization of
the Balmer a line emission from the foil-excited hydrogen atoms, by the model of a static
electric field at the exit surface of the carbom foil. The results agree with the experiments.
The disagreements still left are discussed.

1 Introduction

In the present paper, we report a calculation of the beam current density effect on the
degree of polarization of the Balmer a line emission from the foil-excited hydrogen atoms.
In the beam foil experiment, light emitted from fast atoms excited upon passage through a
thin carbon foil is observed in the downstream of the foil. Berry et al. reported that the
degree of polarization of He I limes are dependent on the foil tilt angle with respect to the
beam velocity. ” Further experiments have confirmed the tilt angle dependence for a variety

of atoms and ions.>™

Eck has presented the first theoretical study of the production of
anisotropy of excited states upon passage through a tilted foil using a model. ® He assumed
the existence of the strong electric field along the foil normal in the vicinity of the foil, and
the field strength is of the order of 10*V/cm within a few Bohr radii and falls off rapidly.
The theoretical studies have been further extendend. ”™'%

In addition to the dependence of the polarization on the foil tilt angnle, a substantial

dependence on the beam current density was observed for helium atoms '™

8,9, 18)

and for hydro-
gen atoms. This is also attributed to the strong electric field near the rear surface of
the foil resulting from the secondary electron emission caused by a penetration of the ion
beams. The magnitude of the field strength estimated is different among authors. Gay and

Berry ' reported ~ 10* V/cm over 10 A, while Weber er al.'® showed 6.2X10° V/cm.
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Both works are on helium. atoms. There is no significant difference in the secondary
emission yield of electrons from thin carbon foils for different projectile ion species. 19 The
field of ~ 10® V/cm is high enough to field—ionize n=23 and higher lying levels of hydrogen
atoms. In such a high field, no lines of Balmer series are formed.

The present calculation clarified the relation between the degree of polarization and the
existing electric field strength, based on the assumption of a static electric field model.
When applied to the hydrogen Balmer a emission, it was shown that the degree of
polarization begins to increase at ~ 10 V/cm and its appreciable change is detectable at a
field strength of the order of 10 V/cm. Details are shown in the following sections.

2 Time Evolution of Density Matrix in Electric Field

The essential parts of the model in the present work are the following assumptions : i)
The electrostatic forces are important in the beam-foil interaction : the interaction acts only

’ i) The foil normal is

on the orbital angular momentum and leaves the spin isotropic. !’
parallel to the beam velocity direction, thereby excitation process has a reflection and an
axial symmetry. iii) The initial excited states are formed exactly on the rear surface of the
foil (at time t=0). iv) The excited states are perturbed by the electric field in the vicinity
of the rear surface for a time duration 7. The field is produced by the uniformly distributed
charge on the foil surface, and its direction is parallel to the beam. Furthermore, the indivi-
dual atom experiences the same field over the beam diameter. v) Hyperfine structure was
not included in the present study.
The state of n—th hydrogen atom at =0 is described as'®
v@ )= 2 i | Im ) | sm ). <y
m;m;

The density matrix operator p(0) is represented as

0(0) =Jﬁ>: | TP O <T™(0)]

1
:WZ PN , aszl)msaz(/"fnfm;!lm)|Sms><sm;|<l' m|

n o Imm, 'mim;

=2 2 ofmmim m Imp [ smlsm’ [V mil, @
mm, I'm;m, s
where N is the total number of the hydrogen atoms in this ensemble and p,?",‘,,l mim m! is a den-
sity matrix element in the uncoupled basis set,

1
unc — (n) m* _ *
O mymim m; Nzn: aIm,msal mym <aImlmsaI mlms>7

where ¢---) stands for the ensemble average.
By taking into account the interaction nature (assumption i)) and the geometrical sym-
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metry (assumption ii)), the density matrix element can be simplified as

wme o une 5 6.
O mymimom Oun mymim m mom Y om om .

Another condition derived from the assumption i) is such that o is irrelevant of sign of m,.
Then the density matrix element can be written as p,’f»"f,"l,. Therefore, Eq. (2) is finally re-
presented by,

p@= 25 oifmlImplsmpCsm |1 m| (3)

Wmom,

The explicit form of the matrix element in the uncoupled basis is also written as,
<I/ m’lmlxlp(o) IImlms>=plll"nlcmliamlml’6msm;' (4)

The uncoupled basis representation is suitable for describing the state just after the ex-
citation, i e. t=0. For t>0, the state can be described in the coupled basis set
{11 ) jmp}. The conversion from the uncoupled representation to the coupled one is
given by

|Ujmy=(—D"" Y. \/2j+1<l V2 >|lm1>|sms>. ©)

my;m, m, m; —m;

The time evolution of the density matrix o(¢) is given by
p(H=UDp ) UMD O]

The time evolution operator U(¢) satisfies following relation :

ih$=H(t) ul. )

The Hamiltonian H(¢) is given as a sum of three parts as follows :
H(®=Hy+Hp+HLD. ®

Here H, is the free atom Hamiltonian and H , describes the decay. They satisfy the follow-
ing pair of equations :

Hol (Ijmp=Ey| (Is)jmp =hw 5| (Is) jmp, ©)
Hpl(9)jmp =——hT'| (Is)jmp, (10)
where E(=#w ) and I'; are the energy eigenvalue and the decay constant of the state

| (Is)jmp, respectively. The Stark Hamiltonian H((2) is time dependent due to the static
electric field F(¢) for the fast moving hydrogen atom, and is given by,
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H(p=—d* F)=—(—er* F1),

where d is the electric dipole moment and — e is the electron charge (e>0).

In the geometry assumed here, the beam axis is chosen in the + z direction and chosen
as the quantization axis. The electric field is then + z direction, too. The field F(¢) can be
written as F,(f), where F,(f) denotes the z conponent of the field F(f). Therefore, the
Stark Hamiltonian is given as

H () =+ezF.(D. 1
The matrix element of H ((¢) is described in the coupled basis as,

<( r —;-)j’ mi\ H (1) |<%>jm,>

_ (_ 1)j+j’ —m}+3/2

eF,(Dv21+ 1Y2I' +1/2j+ 12 +1

o/ 1 . 1/1 I I/ o/ 12
(’ , ’>< >{ ] /]<nr|r|nz>. (12)
—m; 0 m;/A\O 0 O/1|j I 1

Since the elapsed time in the field for an atom moving with the velocity v is given by
t=z/v, the field F,(¢f) can also be represented as a function of z by F,(z). Assuming iv),
the field distribution produced by a positively charged foil with areal charge density o is
given as

-9 (___2
FZ(Z)_280\1 \/02+22>

_ _ ¥4
=Fy 1 W ) (13)

where €, is the permittivity in vacuum and a is the radius of the foil. Therefore, the field

F,(9) is given by

F.() =Fo(l—ﬁ>. (14)
The density matrix o(7) at time ¢= T perturbed by the field F,(¢) is then estimated by
using Eq. (6) through Eq. (14). The differential equation Eq. (7) has been solved numeri-
cally by using the Runge-Kutta-Gill method.

3 Results and Discussions

With the method described in the previous section, we have calculated the density
matrix o(T) starting from a set of initial density matrix elements of 0(0) listed in Table 1.
They are deduced from our intensity decay measurement of the Balmer a line using the
beam foil technique.'® Here the alignments in p— and d-states are assumed to be zero. The
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Table 1. Initial density matrix elements on uncoupled basis used
in the present calculation.

Density matrix Adopted value

element real imag
O o 0.50
T ppo 0.10
T 1 0.10
0 4d0 0.04
T 4d1 0.04
O dd2 0.04
O w0 0.01 0.01
O pio 0.00 0.00
O ot 0.00 0.00
O 90 0.00 0.00

assumption makes it possible to see clearly the onset and the time development of the align-
ment by the perturbation in the field F(#). The initial density matrix is normalized to unity.
Only one coherence term o .4, among four possible terms is included.

The density matrix p(T) thus calculated was used to estimate the alignment parameter
A¢ introduced by Fano and Macek ' to characterize the polarization of the states,

col _ —g 0+0 1
= , 15
ol )y =T 0" T a1+ 20 s
457(d) Oaaot20 41 +20 44, ° (16

The calculated alignment parameter for p— and d-states is plotted against the field
strength F,, on the rear surface of the foil, and is shown in Fig. 1. The values of A:” are for
those at z=20 mm in the downstream of the foil, where the field strength is less than 1% of
F,.

The results show that the 4¢” for both p— and d-states stays zero for the field below
10 V/cm and grows gradually on the negative side with the field F,. The negative sign of
Af(p) and A5'(d) means that as the field F, goes higher, that is, as the beam current den-
sity increases, the p and d electrons of the foil-excited hydrogen atoms are more populated
along the beam axis than in the direction perpendicular to the beam. In other words, the
degree of polarization of the emitted photon intensity increases as the incident beam current
density increases. This qualitative tendency is in agreement with the experiments on He I "W
and on hydrogen Balmer 5 line®.

An important point to be discussed here is the relation between the beam current den-
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Fig. 1. —— Alignment parameter A:(p) for 3p level of hydrogen atom and ----A¢"(d)

for 3d level as a function of static electric field strength Fj.

sity and the field strength F, on the rear surface of the foil. It seems natural that the field
F, increases with the beam current » or beam current density 9 as far as its main reason is
assumed to be due to the secondary electron emission by the beam penetration. Since the
close relationship between them is not yet clear, we have calculated A;” as the function of
F,.

From Fig. 1, it is seen that after reaching a minimum at the field of about ~2X 102 v/
cm, the alignment goes back, and starts to oscillate. This oscillation is caused by the Stark
quantum beats. In the electric dipole approximation, the emitted photon intensity for the
transition from the state | ¥(#)) to a group of lower state |0 is given by

I"(t)=K; ol x* 1w 1%, an

where K is a constant of proportionality and X” is the electric dipole operator with the pola-
rization P. The upper state | ¥(#)) is estimated by solving the Schrédinger equation :
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HO (0> =hw(F) | ¥
The Eq. (17) is then written in the following form as a function of time ¢ and field F:
I"(F, D=1, exp[— TP ] [47(P) + B/ (F)cos w (B)1], (18)

where I, is the detection effciency, and 4°(F) and B/(F) are dependent on the field F,
polarization P and the transition probability of the upper leved, and w ,(F) is the frequency
between the levels in the field.

The second term in Eq. (18) gives the modulation superposed on the constant term
AF(F) with the decay I";(F). The quantum beat is usually observed along the beam path by
the time differential way in the beam foil spectroscopy. However, as is seeh in Eq. (18),
another type of modulation can also be obtained as the function of field F when observed at
a fixed time ¢, i e. at the fixed position. This second type of modulation in the intensity
measurement is called the field differential quantum beat. These are the direct consequences
from the Eq. (18). From the physical point of view, the quantum beat is the embodiment of
the coherent transfer among the excited levels in the electric field.

The present calculation shows that the polarization of light emitted by a foil excited
atom increases with the field strength, when observed from a fixed position after the excita-
tion at the foil. Although this simple model seems physically plausible, and successfully ex-
plains the characteristics of the polarization as a function of the incident beam current
density, it fails at the highest current density limit. In all the experiments,®® '"™**'® the
polarization increases monotonously with the current density.

In the experiment, the hydrogen atom in the beam after passage through a foil has a
velocity spread to some extent, which is dependent on the incident beam energy and the
thickness of the foil, e. g. a few % for a 100 keV beam and a 5ug/cm? thickness foil. This
plays an essential role especially in the case where the current density is high. The high fre-
quency beats are smeared out in the time differential measurement, and the oscillation
damps in the field differential observation. Therefore, the data obtained in the experiment is
the average in time in either experiment. In addition to the above discussion, the foil-life is
short because of the damage in the high current density measurement and it is difficult to
keep the current density constant throughout measurement. This lowers the quality of the
data, in general.

In the present calculation we have assumed a uniform distribution of the charge on the
foil surface over the whole area, and a uniform electric field in the downstream of the foil.
In the experiment, the distribution of the charge is not uniform because of the finite size and
finite electric conductivity of the carbon foil. The electric field induced by the charge is
also disturbed partly by the finite size of the foil itseif and the foil folder made of metal.
The field acting on an atom is different according to the position in the beam of the finite
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size of diameter.

We have developed a method to calculate the effect of the static electric field on the
degree of polarization of emitted light from a foil excited atom on the assumption of the
charge distribution on the rear surface of the foil. The result is shown when applied to the
hydrogen Balmer-a transition. A similar calculation can be applied to other transitions,
even to other atoms. In this case, the absolute value of the aligment parameter, the degree
of polarization are different, and also the absolute scale of the field is different.

The present calculation shows the nonlinear behavior of the increase of the degree of
polarization of the emitted light of the foil excited atoms based on the static electric field
model.
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