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ABSTRACT

Detailed information is given on an experiment which we ha‘vle-
reported previously, studying intensity beats in the resonance absorp-
tion due to nondegenerate magnetic sublevels of the 3P2 mercury meta-
stable state coherently excited by electron impact, Rather straight-
forward theory is used to explain the experimental result. It is found
that regardless of the exciting energy, as long as there is sufficient
selective excitation of certain magnetic sublevels, the absorption beat
frequency is modulated at twice the Larmor frequency when the incident
electron beam is perpendicular to the externally applied field HO and the

linearly polarized monitoring light is perpendicular to the electron beam,
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I. INTRODUCTION

In this report, we give detailed information on the intenéity
beats in the resonance absorption due to metastable-state mercury
 coherently excited by an intense, high-fréquency-modulated, unidirec -
tional, low-energy electron beam, This method uses space-charge-
neutralized electron flow to our advantage, ! Similar phenémena have
also been observed independently by Nedelec, using a somewhat differ-
ent method of electron-impact excitation, 2 | |

Breit has shown the possibility of Coherlent opticalb éxcitation
of nondegenerate levels if the exciting résqnance radi.ation is pul.sed
in a much shorter time than the decay time of the excited state, since
under this condition the exciting light has a very broad ré,nge of spectral
frequency, 3 Thus, provided it is allowed by the optical selection rule,
certain magnetic sublevels of the excited states are excited by one wave
train, Such excited states exhibit the phenomenon‘of coherence,

Similar excitation is also possible by electron impact, The
broad-band frequency in this case is due to the energy-spread of the
incident electron, In general, the energy-spread of an electron beam
is much larger than the energy separations of the nondegenerate levels,
so that the necessary condition for coherent excitation is satisfied,

Electrqn-impact excitation is more useful than optical excitation
since any state, at least in principle, can be excited by electron impact,
For example, the metastable state cannot be optically ‘excited, but it
can be excited by electron impact, Therefore, we have performed an
experiment on metastable -state Hg to find out if the effect can actually

be observed experimentally, The possibility of coherent excitation of
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the optically excitable state ‘3P1 of Cd by electrén-impact excitation

from 1SO to 3P1 was élready. éxperimentally established thrdugh the use
of a modulated electron Beam by Nedelec et al,, 2 Aleksandrov, 4 and

by our own use of sharply pulbsed electron impact. 3 Therefore, it is ,'
obvious that the metastable state should alvso.be coherently_excited by
electron impact. Nevertheless, we felt such a‘ph.enoménon shouid be

observed experimentally, Since we were Working with the metastable

state, we used optical absorption to detect coherent excitation, .

11, . ?RINCIPLE OF THE EXPERIMENT

Previous e'xperirnents6 on. paramagnetic resonance of the 3P2
state of Hg have shown that metastable -state atoms excited by electron
impact are "aligned, ' In these experiments, the externally applied
magnetic field was parallel to the electron-beam axis, These studies
established that the magnetic sublevels with values of my = 0and +1 are
more selectively A_exc‘:‘ited than my = + 2 sublevels, However, beéause of
the cylindrical symmetry associated about the electron-beam axis,
since H, is parallel to the beam, these magnetic sublevels are inco-

0

herently excited; that is, all the nondiagonal density matrices vanish,

Therefore, the system is describable in terms of diagonal density
matrices; that{s, in terms of afre’rage populations of magnetic sublevels,
If the externally applied field is pérpendicular to the electron-
beam axis, however, the system of metastable atoms is no longer
cylindrically symmetrical around the field, Therefore, the system
commences a Larmor precession about the magnétic field, If one .

t

monitors such a system with linearly polarized resonance radiation
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connecting the metastable state, one finds the amount of light absorption
is dependent on the relative angle between the linear polarization and
the angle of the rotation of the system of atoms due to Larmor pre-
cession, |

Figure 1 is a pictorial view of the behavior (shown by arrows)
of the virtual electric dipole oscillator, Suppose that, att =0, the
dipole oscillator is created by electron-impact excitation from the
1S0 ground state to the ?’P‘2 metastable state parallel to the x axis,
Because of Larmor precession of the atom due to a magnetic dipole
interaction with Hb, the electric dipole oscillator precesses about the
\ _field. Now suppose that if the light linearly polarized parallel to x

travels along H,, the amount of the light absorbed by the ndetastable

0’
state reaches a maximum att = 0, a minimum at t = 1/4 wq and a max-
imum again at t = 1/2 wge Since the period of Larmor precession is
1/@0, there are two absorption maxima and two absorption minima

per Larmor period., - Thus the light absorption is modulated at twice

the Larmor frequency while its amplitude is attenuated by e"rt due to
the finite spin-relaxation time 7 given by the relation I'= 1/7, .Frorx;l
this classical point of view, it is rather obvious if a sharply pulsed
electron beam is injected at t = 0, T/Z, T, 317/2, ..., that is, repeated
at every half—Larmor period, many metastable-state atoms would pre-
cess about the field synchronously (coherently), Because of the large
conceptration of metastable -state atoms exhibiting coherent behavior,
the phenomenon is observable by absorption of resonance radiation,

Although a very elegant theory of light beats has been formu-

lated by Nedelec, 2 we shall present a more straightforward theory to
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describé the phenomena observed, emphasizing intuition without involv-

iog a great deal of complex mathematical theory.

| III.-'THEOIRY-

Alf:hough previous experiments6 on paramagnetic resonance o.f
| the,?’lF‘2 state of Hg def1n1te1y showed that the states with Im) |,0)‘and
£ 1) are more selectlvely produced than Irn) !:4:2), there is no way of
knowing by just what amount these states are produced by the electron-
impact method used in these experiments, All we know is that if we

take the electron-bearh axis as an axis of quantizatior_l, the 31’—’2 state's

wave function ¥ can be represented as
NS | 3
¥ =a,(t)| P, 2) + ai(t)l P 1)+ ao(t)l P, 0) +a_,(t)|"P,, -1)

a2, (2

_2.2? pi'1 p 11 and pOO and pyq aTE grea.ter than p22’

where Pram is the d1agonal density matrlx deflned as p m = (a (t)a (t))

such that 922 =p

Also, in this coo_rdlnate system, Z(t)" 1(t), O(t), ‘_1(1:), and a_z(t).
are completely independent, so that all the nondiagonal deﬁsity matrices
vanish, However, because of the observed fact that pOO, p 11 > oo

we are certamly justified in as51gn1ng the productmn rate a, B, and Y

to 1nd1cate the rate of production of the state with m = :tZ m = +1 and 0,
Therefore, the initial magnetic sublevel populatlons at the 1nstant _of. _

excitation can be represented by -
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a 0 0 0O
08000
- \ |
(pg) =l 0 0y 00 IremsETay - (2)
000680 |
0000 a

In addition, it was found experimentally that the selective excitation
4

rate is independent of the strength of the externally applied magnetic

field H Suppose the electron beam is injected perpendicular to HO;

0.

if we take the direction of H, as an axis of quantization, Po in this new

0
coordinate system transforms to pO by the similarity transformation
given by

o° 0(2)<o,2.0) 00,02 (0,7, 0), (3)

where 40‘( ) is the angular rotation operator for J = 2, The time-rate

change of the density matrix is then given by

d i v - 0 1
arc cF el -Te te (4)

p
where Tp is the electr'on» pumping speed (similar to that of an optical
pumping speed), - Py [GC, ] describes the .process of time evolution of

the excited state due to 1nteré.ction of the magnetic dipole momenf with
the field, Fp is the decay rate due to such factors as collisions with
other atoms, and pO/Tp describes the prbcess of theiexcita-' T
tion, Sincé the Hamiltonian JC in Eq. (4) is equal to - I.;IO’ Eq. (4)

can be written as

P! = -i{m -m') r + 00 ! (5)
dt - Y19 Pmt T Pmm! T Pmm! —’f‘;— '
i

where wg is the Larmor angular frequency,
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‘The time -dependent intensity of the light absorbed was derived
by Barfat 7 and is gii}eri by |
t) = A Z (e . Dlmyp__(t)(m'[e, - Dluwy . (6)
“where A isa constant‘multiplication factor, and D the vector electric
' dipole-operé.tor. Thus e, + D denotes the polarization ‘of the light in

DA

the e d1rect10n

ol
Let us consider the case in which the incident elec‘tro‘n beam
_is modulated periodically as ..(1 + cos wt), Then Eq. (5) can be written

as

-4 _
dt "T. P mm mm' " Pmm! - (7)

P ' ' o
mz= 0 {1 +coswt) - i(rn_-m')uqop
P ’ , . ,

The solution of this equation, by noting that .

o lelwt le-iwt -
(1 + cos wt) = 1+22 + R '

2
is given by
. 1 w0t
(t) = - po — +
- Pmm! Tp Pmm! T+i{m-mNe, ITieti{m-mMaey
L -iwt '

. Ze
+I"-iw+i(m-m')w0v } . (8)

Before we substitute Eq, (8) into Eq, (6), it is convenient at this stage

(2)(0 0). is

to calculate Pgnm' from Eq, (3).," The rotation oiaeratorAD » o |

given as
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1 2 NG 2 1
T s 4 vy 4
2 2 2 2
i 7 0 I 7
2 qa T m = NG 1 N6
o0 | o L 0 A (9)
2 2 2 2
ry I °© -z 7
1 2 N 2 1
’ 4 vy ) 4
From Eq. (3) we get
1-
<ﬁ@(2)(0.%.0)p0 (7(}(2) (0,%’-,0))
lampzy 0 Wy o 1 (a-2p+3y)
0 Zla+p) O ta-p 0
= Ig_—(a—y) 0 é-(aaw) 0 £g(a-v)
0 fa-py 0 Tla+p) O
-81—(a—4{3+3y) 0 ﬁ[——g(a-—y) 0 %(a+4ﬁ+3y)

'qu' (10)
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Substituting ’Eq.. (10) into Eq, (8) we get

1 iwt .,1 -iw
- - & Masapiay) | & 4 ik 2 }
ppolt) = € glatdpt2y)| p * gt oy o

iwt

[N

L . 1
: . JE r 1 z€
pzo(t) =g ”"g‘(a"Y) hj[‘-g.;{zw + Iti{wt2w

-iwt
e
5 +VI" -i(w-ZwO) ] '

1 RE :
Poolt) = 67 Bat) |+ vog5 + g

_ et 1 et 7
e 1 [1 2 o 2° ]
pyft) =65t | p * v * oo )
oo gd [ + 't N e J
Py_4(t) = & 5(a-p) | T¥ize; ' TTHottay W T-He-Zay J
P_y_4{t) = €5 (atp) Lot T+ Hwt2og) tr o Zog) ,

P.o _Z(t) = Pzz(t)-

Ll .

, - 1 3 ' 36
P20t = & ~gla-y) [I‘v-‘ Zoy T THHe-2og) | F-‘i(w-Zwo)] '
and - - 7
U 11w 1, ~iw :
S v = A , 1 e 7@ - _
’ p'ii(t)' g Z (a-p) [ T —iZwO + I +-i(w-2w0) + T -i(w+2w0) ] ' (11)_

R

2a + 2B + vy T;) "
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Next we consider oBserving the resonance absorption of
linearly polarized light polarized parallel to the x direction and
propagating along the externally applied magnetic field.. Therefore,
the matrix element of tﬁe dipole operator we must calculate is of the

type

rC1 - rC1

(1] i/’?-— "2 | m)

1, : . TNy Rt £1y)
where Cq is the spherical tensor of rank 41 defined as ’C:‘t L =F 1/2 —
and Cé = —;- The matrix elements can be most readily calculated with

the Wigner-Eckart theorem by noting
: 1 _,3 _ 1,3 _
<p|cq[m> = ( SO,J~1,M|Cq| P,,J=2, m)

wet 12

ot
ST g m

)(35‘;0, s=t|ct|’p,, 5=2),

(12}

12

where (1 %) is the 3j symbol and (s, 7=t]c* |

PZ’ J=2) is the
reduced matrbi element, 8 Evaluating the appropriate matrix element -
of the type in Eq. (12), and substituting Eqgs., (11) and (42) into Eq. (6),
we getv |

2

T T T

I(t) = A'(57a +36p +37y)

1.iwt 1, =it
2e Ee

| 1 =2
+ B'[N6 (a-y) + 6(a-ﬁ)]{[p o F I'ilerzey T T -i{w-20)

0 05

1 iwt 1 -ipt
+ 122 b oete
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[:1 Zcos(wt-;cq:(')) . (' : 6‘_ :
= A'| + — 57a +36B8 +37v)
T (I‘2+w2)1/2] T | P | B

[20054,0 J{ B o v : (
4B — NG la~y) + 6(a-B)} | 13)
(r‘+4w3>57‘ Nolamv) ¥ blaspl) '

2cos(wted,) 2 (wt-
+B'[ cos(w ¢1 cos(w ¢2)

. | B lany) + 6lap))
SEE [1“2;+(a-2w0>2~]1/2]. | ,

[I‘Z w2y

Q+ZQ w—ZwO'

where'.tanqao = '(Iﬁ" t;.mq_)1 = _1:‘-_ , tan¢2 = —T and A' and B' .are |
time_—indep_endent constaﬁts. A v

Thus we obtain an expected ré_sult. The first term shows the
unintere sting. ca‘se of re sonanc‘e-absorption light's being nriodula_ted with
the electron beam modulation that is al\}vays‘ expected to ocAcvur.

 The second term shows the depolvarization.efféct 1n the r_nag—'

netic field, vknown as the Hanle effect, The ‘third term shc;ws the. réso-
nance behavior in ‘the‘ modulation amplitude of the a.bsorbea light when
W= 2wy and @ = - 2wge The term @ = -Zwo shows the effect of feversing
the direction of the magnetic field,

Equation-_(13) also satisfies the case in which we expect no.
observable beat phenomenon if the production rate isa = = v, _tha.‘t is, .
there is no selective excitation of the Zeeman magnetié sublevel, |

3

Therefore, selective excitation must be achieved in order to observe

the beat phenomenon,
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IV, EXPERIMENTAL CONSIDERATIONS
As Eq. (13) shows, we must first of all achieve selective
~ excitation of the Zeeman sublevels so that a-y and a-p are as large as
possible, From the consideration of inelastic electron-atom collisions,
this can be achieved with a low-energy, unidirectional electron beém.
In orde}r to satisfy the condition « = Zmo s0 fhat wb >>-,3_- (where T is the
metastable-state spin-relaxation time of the order of 10'4 sec that we
initiall.y measured), the electron beam must be modulated at a feW MHz,
Furthermore, to observe the resonance absorption, we must have a high
concentration of the metastable state.

Therefore, the electron beam should have the following proper-
ties:

(a.) The electron beam must be unidirectional; the vapor pres-
sure of the mercury must then be not more than 1 y to avoid the multiple
scattering that alters the directionality of the electron beam,

(b) To produce seléctive excitation, the energy of the electron
beam must be low,

(é) To produce a high concentration of metastable~-state atoms, |
electron-beam current must be high,

(d) The electron beam must be modulated at high frequency,

Fortunately, the first three requirements can be easily' met by
the space-charge-neutralized electron flow that was theoretically and
expérirhentally shown by the brilliant work of Langmuir, 10 1n order to
achieve high-frequency modulation of a space-charge-neutralized, high-
current electron beam, we interrupted the electron flow from the cathode

to the ground, using as a switch a fast-response transistor capable of
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draWing a high current, We found we were able to modulate the electron
- beam 100% with a peak-to-peak current of 400 mA at 3 MHz, |

A simplé ciiode-structure electron-gun excitaéion tube, satu-
ré,ted with Hg vapor at room temperature, was used for this experiment,
In order to avoid cathode-surface damage by back-bombardment of Hg+,
we used a Phillips cathode that has a diameter of 3/4 v‘in.' , and was
indirectly heated,

There are several reésons fc;r using this rﬁethod.' Fixlst (,jf all,
we achieve space 5charge—neutréiizéd electron flow be_caﬁ_se, of charged
hdouble sheaths' near the cathodev su,rfac'e-; the Hg+ .shea_th and the
electrén shea.th.10 The recombination time of Hg+ is a few msec;
therefore, when we switched the- tube at the 3-MHz rate, the recorﬁbina—.
tion time is almost infinite comparedeith tﬁe switching period. By~
means of RZ' the cathode pqtential becomes equal to the anode_poten'ti.'a_.l: .
when the sWitch is open; thus we expect a véry small amount of current.
- to flow from cathode ‘to anode, On the other hand, because of the long
Hg+ recombination time, the double sheath quickly returns to dc be'havi_or
~when the switch is closed, so that é large space-charge-neutralized
~electron durrent flows to. the anode,  Since vthe ‘resistance across the

tube is much less than that of R when the switch is closed, most of

2

the current flows through the diode rather than throug-h R The capac~’ ‘

2°
itor C is used.to short out the transient effect when the switch is sdddenly 7
opened,

‘To eliminate the stray magnetic field produced by the indirect

cathode heater, observations were made only when the heater current

was turned off, Because of the massive cathode we used, we could
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turn the heater current on and off every 1/50 sec with only a negligible
drop in the electron current while the heater current was off,

Although the lifetime of the metastable state of Hg is typically
a few msec, the spin—relaxaﬁon time is much shorter, Spin-relaxation
time can be readily measured either by the bandwidth associated _vs)ith
paramagnetic resonance of the metastable state or by the magnetic
bandwidth as soc‘iated with the Hanle effect,

Since the experimental setup for observation of the Hanle effect
satisfies experimental conditi.ons for the beat experiment, we first ob-
served the Hanle effect to determine the spin-relaxation time, The
main reason for performing the Hanle -effect experiment was to determine
a reasonable modulation frequency, since w > %:where T is the spin-
| relaxation time, Figure 2 shows the cross-sectional view of the diode
structure electron gun, Figure 3 shows the method we used fo modulate
t.he space-chafge ~neutralized electron beam at high frequency, Figure
4 show a typical Hanle-effect signal, The spin-relaxation time, deter-
mined from the curve at J =31 mA_/cm2 at room temperature is,

2 X 10"4 sec, This is done by matching the curve of Fig, 4b to the first
term of Eq, (13). The reason for the dispersion-tyée curve in Fig. 4
is that magnétic -field modulation is used in order to employ a phase~
sensitive detector that eliminates the 50 Hz "chopPing" frequency
synchronized with the heater "chopping' frequency., Thus, signal is
fed into the detection system only while no current flows through the
indirect cathode-heater wire, Figure 5 shows the dependence of the

spin-relaxation time on the electron current,
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Since T = '10-'4 sec, we decided to use ‘2.89 MHZ for electrdn-
cﬁrrént modulétibn since we had a ﬁarrow ~band amplifier tuned to this
E frequency from another experiment, Si_ncé it is more convenient to
keep the frequency .fix‘ed, we swept the rﬁégnetic field while keeping the
modulation frequency fixed,

The modulated electron beam is injected perpendicular to thé_

externally applied magnetic field H_; the linearly polarized monitoring

0’
resonance radiatién N\ = 5461 ;‘2&“.(63P2 - 7381), propagating along the

magnetic field HO’ is used to‘ detect the behavior of coherently excited
metastable-state atom.s (Fig. 6), Figure 7 shows the detection system
described prev’iously.w1 Figures 8 and 9 show the high-ffeqﬁency com-

ponent of the optical absorption as a function of applied magnetic field

'HO. These two curves correspond to w = Zwo.

V. CONCLUSION

Since the applied ﬁagnetic field was fairly small, no correction
for the curvature of t;he electlj'on'be.am was considered, By matching
the Hanle -éffect signal to the term corre'sp.onding to the Hanle-effect
.term in Eq. (13), we could measure the spin-relaxation time quite
.readily, This may perhaps be a convenient way of,___i_neasull'ing the relaxa-~
tion time of the non-radiative metastaB’l.e state a; a:é function of envirvon—
mental conditibns such as preésﬁre, and degree of ionization,

waever, the main purvpose of this experiment was to observ;a
the beat phevnomenon. The pheno-rnen‘on we observed is, in principle, :
quite similar t"o that observed by Bell and Bloom‘11 using an op'tical‘
pumping méthod. However, thé opticalg method works only with states.

connected by the electric dipole transition, while the electron-impact i
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method removes‘t‘his fundamental restriction associated with the optical
-sélection rule, An additional advantage in using space-charge-neutralized,
high-flux electron flow is that "electron pumping speeci" is much faster

" than '""optical pumping speéd“ since by the former method electron cur-
rent can be increased up to 10 A/cmz. The modulation frequency of the
electron beam can be much higher than the modulation frequency of
resonance radiations that are limited by the finite lifetime of the radi-
ating excited state in the lamp, unléss one uses Kerr-cell type switch-

ing with a cpnsiderable amount_of loss in intensity.

Perhaps the most important feature of this method is that
radiofrequency fields, which perturb the excited state, are not neces-
sary for obtaining information on that state, By modulating the electron
beam at a hyperfine-structure frequency, this method should also yield

information on the hyperfine structure of isotopic atoms,
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FIGURE CAPTIONS
Figure 4, Pictorial view of the precession of the electrié dipole
oscillator,
Figure 2, Cross-sectional view of the excitation tube,
Figure, 3, Method used to modulate the space-charge-neutralized
electron beam at high frequency (& 3 MHz), . |
Figure 4, Hanle-effect signal, 4(a) showé the experimentally observed
signal, 4(b) shows the integrated curve of 4(a),
Figure 5, Relative directions of resonance radiation, electron beam
and the applied field,
Figure 6.‘ Dependence of the spin~relaxation time on the electron-beam
" current at room temperature.' The relative sign of the signals is
reversed for current higher than 140 mA
Figufe 7. Block diagram of detection system,
Figure 8, Resonance-absorption beat signal with electron beam
modulation at 2,89 MHz,
Figure 9, Resonavnce_absorption beat signal with electron beam

modulation at 2.72_ MHz,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to,

any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.








