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Alignment of Some Triplet and Singlet D States of Helium
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The alignment of some singlet and triplet D states of He resulting from the beam-foil
interaction process at 40 kV has been measured for principal quantum numbers n = 3, 4,
5, and 6. The measurements were based on zero-field level crossing.

The beam-foil interaction process is known to
lead to an alignment of excited atomic states. '
Alignment has been reported for a number of
atomic as well as ionic' states; however, there
appears to be as yet no systematic study of the
dependence of alignment on principal quantum
number, angular momentum state, and spin
state. Such a study is of interest both for an un-
derstanding of the beam-foil interaction process
and for the performance of experiments based
on alignment, ' ' e.g. , level-crossing and radio-
frequency spectroscopy. The present investiga-
tion was undertaken as part of a program to uti-
lize the alignment induced by the beam-foil scat-
tering process for the measurement of atomic
constants. ' We report here on the alignment of
the n Dy 2 3 and n'0, states of 'He for principal
quantum numbers n=3, 4, 5, and 6. These mea-
surements were done for incident energies of 40
kV. Carbon foils of 6.0 and 6. 1 y. g/cm' density
were used.

The polarization fraction, which is related to
the alignment, ' is defined by

P =(III Ix)/(I2. I+ll) 2

where I~ is the intensity of light with polarization
vector perpendicular to the beam axis and to the
direction of observation and I|~ is the intensity of
light with polarization vector parallel to the beam

I(&u, t) cc e 1'[1+A cos2(&ut —8)], (2)

where &u =g~p, H/5, 8 is the angle which the lin-
ear polarizer makes with the beam axis, A is
the alignment, and y is the reciprocal lifetime in
radians per second of the 'D, state. g~ is the
gyromagnetic ratio (=1 for 'D, ), p., is the Bohr
magneton, and H is the magnetic field intensity.
In Eq. (2) t is the time following excitation in the
foil at which the observation is made and hence t
=l/v, where I is the foil-detector sepa. ration and
v the beam velocity. The detector is assumed to
view a short region of the beam path Al such that
b.i/v «I/y. Thus by observing the intensity fluc-
tuation the polarization fraction can be deter-
mined. If the detector integrates the light from
a long segment of the beam defined by the end
position l;„+l or what is equivalent, if many
small adjoining beam segments are viewed suc-
cessively and summed, then the signal is

axis. A direct measurement of the polarization
fraction is susceptible to serious error resulting
from reflection polarization in the detector opti-
cal system and it is for this reason that we chose
to make the measurements by observing the inte-
grated "quantum beat" in the limits where the ob-
servation time At «~, as well as when At -v. ,
where 7 is the lifetime of the state.

The intensity fluctuation or quantum beat for an
aligned singlet D state is given by

S(&) = f, I(&u, t) dt

cc —y '[exp(-yt, ) —exp(- yt, )]+«A[(~y)'+v'] '(exp( —yt, ) [2+y ' sin2(vt, —8)- cos2(vt, —8)]

—exp(- yt, ) [2&ay
' sin2(vt, —8) —cos2(&ut, —8) ]),

where t, =l;„/v and t, =l /v. If the limits are
carried from 0 to ~ we have

1 Ay/4 /2+S(s) —+. . .
~

sis22+sos22).
2r '+&'i r

Thus, if observation is made of the polarization
parallel to the beam axis (8 =0) or perpendicular
to the beam axis (8 =90') we see that A =+ [S(0)

—S(~)]/S(~), respectively. In other words the
relative amplitude of the Hanle or zero-field lev-
el-crossing signal gives the polarization fraction.
This result is independent of the observation lim-
its, t„t,. For the'D. .. state additional modula-
tion terms occur corresponding to the fact that
there are three g~ factors. In addition modula-
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tions due to mixing of fine-structure and Zee-
man frequencies occur, but the latter do not con-
tribute to the zero-field level-crossing signals.
The interpretation of the 'D signals is otherwise
the same as for the 'D states. In beam-foil ex-
periments it is not usually practical to extend
the limits of observation to many lifetimes. This
is so because of the high velocity of the atoms.
For example, a 40-kV 'He' ion incident on a car-
bon foil of 6 p, g/cm' emerges from the foil with
an energy of 36 kV and a velocity of 1.3 &&10' cm/
sec, so that 1 cm corresponds to 7.7 nsec. Con-
siderations of magnetic field uniformity impose
a severe limit on the maximum detector-foil sep-
aration which in the present experiment was 7

cm, corresponding to an upper limit of 59 nsec.
When the limits of obser vation do not extend to
infinity, modulations occur in the wings of the
level-crossing signal. This is shown in Fig. 1
where we have plotted the zero-field level-cross-
ing signal for a 'D, state for different values of

It is seen that when t, =1 lifetime the modula-
tions are already considerably suppressed and
we have essentially the Hanle signal. Curve fit-
ting was used to determine the polarization frac-
tion when inspection did not suffice. The mea-
surements reported here also yield lifetime in-
formation for the states studied; however, we
are presently concerned only with the alignment.

Details of the experimental technique have been
described elsewhere, "and we review them here
in brief. A 40-kV 4He+ ion beam from the Law-
rence Berkeley Laboratory mass separator was
incident on a thin carbon foil of 6.0 or 6.7 y.g/
cm' density and the light emitted downstream by

I.O

neutral 'He atoms observed through a linear po-
larizer by a cooled photomultiplier. Narrow-
band (25 A) interference filters were used to
select the appropriate line. A magnetic field
was applied perpendicular to the beam axis and

along the direction of observation. The field in-
tensity was stepped synchronously with the ad-
dress advance of a multichannel sealer where
the signal was stored. The magnetic field inten-
sity covered a range of —6 to +6 G. This range
was covered a predetermined number of times
for each foil-detector separation starting with
the extreme separation of 7 cm. In this way the
"quantum beat" signal was obtained at each posi-
tion. The foil position was then advanced down-
stream by a small increment and the measure-
ment repeated for the same number of predeter-
mined field sweeps, the photon counts being add-
ed to those taken at the previous foil position.
This process was repeated until the foil position
coincided with the detector. The direction of
travel was then reversed. A sufficient number
of position and magnetic field scans were taken
to average out beam fluctuations and the effects
of foil aging. The beam intensity was generally
very stable and typically va.ried by ( 10% during
the course of a run. Beam currents of —3.5 p, A
were used, and the foil lifetime was 20-30 min.
Fresh foils of the same nominal thickness and
from the same batch were introduced as needed
by means of a circular foil holder on which ten
foils were mounted. Generally one to three foils
sufficed for a measurement. Counting rates var-
ied from -350 to 20000 sec ' depending on the
transition and foil position. A schematic of the
experiment is shown in Fig. 2. A cesium optical
pumping magnetometer was used to monitor the
magnetic field. The magnetometer was placed
in a Helmholtz coil connected in series with the
magnetic field coils of the beam-foil apparatus.
The field in the beam-foil region was then cali-

~ 0.6
ir
LJJ

M 0.4
LIJ

f OZ
tJJ

I t I I 1 I I I I I I I I I I

'-40 -35 -30 -25 -20 -l5 -IO -5 0 5 IO l5 20 25 30 35 40
GAUSS

He FROM MASS
SEPA RATOR

(C FOIL
g

FARADAY

I /~
/ /

I/'~He+ A } IHO

~ll
I I

POLARIZER
I

' ' MONOCHROMATOR
8 P. M.

CAGE

I

Ho)

ji I

MAGNET
SUPPLY

HELMHOLTZ
COII ~

~ OPTICAL
0~+PUMPING

N MAGNETOMETER

FIG, 1. Computed line shape for the zero-field level-
crossing signal of the 5 D~ state of He. The lifetime
of the state was taken as 7 =49 nsec, The lower limit
of integration is t&

——0 and the upper limit t2 is shown in
the figure,
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FIG. 2. Experimental apparatus.
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TABLE I, Measured percentage polarization (+) and
relative sublevel cross sections for the singlet and trip-
let D states of He. ~ is the waveIength of the observed
transition, for transitions of the two types n Dj 2 3—2'~. . . and n'D,,—2'&, .
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(%) o&/crp (A)

5
6

3D 3

5
6

12.0 +1.8
9.4 + 1.4
4.3 + 1.9
3.6 + 1.5
2.9 + 1.6
4.0 + 1.6
5.0 + 1.8

0.357(1+0.800~,/crp)

0.385(1+0.852cr&/op)

O.445(1+0.938~,/crp)

O.4O6(1+0.888~,/crp)

0.423 (1 +0.911cr)/crp)

0.398(1 +0.871crg/crp)

0.375(1 +0.832cr(/'o p)

4922
4388
4144
5876
4473
4026
3820

These values based on quantum-beat signal only.

*Work performed under the auspices of the U.S. Atom-

brated against the magnetometer.
Table I summarizes the polarization-fraction

measurements and relative magnetic- substate
cross sections which can be obtained from the
mean data. The cross sections for magnetic
sublevels 0, I, and 2 are denoted, respectively,

00 0 y and Q 2 The re lative cros s se ctions
are calculated from data in Ref. V. In Fig. 3 we
show a typical quantum-beat and Hanle signal for
the 3'D. ..state. Counting errors in all cases
contribute an uncertainty of & 2% to the percent-
age pola. rization fraction. The polarization frac-
tion measurements varied by -1% from foil to
foil and from day to day and this is reflected in
the errors. This variation we believe to be due
to the condition of the foil. We have observed
structural variations between some foil batches,
and this plus contamination of the foil in prepara-
tion, in handling, or in the vacuum system of the
apparatus may be responsible for some of the
variations.

We gratefully acknowledge the assistance of
Herman Robinson and Elinor Potter for helping
with the data acquisition.
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FIG. 3. Alignment signal for the 5 D& 2 3 state of He.
(a) "Quantum beat" signal, The detector viewed a 7-
mm portion of the beam 7 cm downstream from the foil.
Thus this is not a pure beat signal but really a delayed
Hanle signal with the observation time extending from
51.2 to 56.6 nsec. (b) Zero-field level-crossing (Hanle)
signal. The observation extended from zero foil-detec-
tor separation to 7-cm foil-detector separation corres-
ponding to about 1 lifetime of observation. Note the
modulations in the wings. The polarizer axis was per-
pendicular to the beam axis, hence the inverted signal.
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