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Phenomenon of the Metastable State 
Coherently Excited by Electron Impact* 

Tetsuo Hadeishi 

Lawrence Radiation Laboratory 
Univer sity of California 

Berkeley, California 

March 27, 1967 

ABSTRACT 

Detailed information is given on an experiment which we have 

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 intensity 

beats in the re sonance absorption due to metastable -state mercury 

coherently excited by an intense, high-frequency-modulated, unidirec-

tional, low -energy electron beam. This method use s space -charge­

neutralized electron flow to our advantage. 1 Similar phenomena have 

also been observed independently by Nedelec, using a somewhat differ,.. 

ent method of electron-impact excitation. 2 

Breit has shown the possibility of coherent optical excitation 

of nondegenerate levels if the exciting resonance radiation is pulsed 

in a much shorter time than the decay time of the excited state, since 

under this condition the exciting light has a very broad range of spectral 

3 frequency. 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 state s 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. 

Electron-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 3 p 1 of Cd by electron-impact excitation 

from 1S0 to 3p 1 was already experimentally established through the use 

. 2 4 
of a modulated electron beam by Nedelec et al., Aleksandrov, and 

by our own use of sharply pulsed electron impact. 5 Therefore, it is 

obvious that the metastable state should also be coherently excited by 

electron impact. Nevertheless, we felt such a phenomenon should be 

observed experimentally. Since we were working with the metastable 

state, we used optical absorption to detect coher'ent excitation .. 

II .. PRINCIPLE OF THE EXPERIMENT 

P · . t 6 . f th 3p reVlOUS e)Cperlmen s on paramagnetlc resonance 0 e 2 

state of Hg have shown that metastable -state atoms excited by electron 

impact are "aligned." In these experimen,ts, the externally applied 

magnetic field was parallel to the electron-beam axis, These studies 

established that the magnetic sublevels with values of m
J 

== 0 and ± 1 are 

more selectivelyexc.ited than m
J 

= ± 2 sublevels. However, because of 

the cylindrical symmetry associated about the electron-beam axis, 

since HO is parallel to the beam, these magnetic sublevels are inco­

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

Therefore, the system is describable in terms of diagonal density 

matrices; that1is, in terms of average populations of magnetic sublevels. 

If the externally applied field is perpendicular 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 magnetic field. If one 

monitor s such a ~ystem with linearly polarized re sonance 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. Supp,ose that, at t = 0, the 

dipole oscillator is created by electron-impact excitation from the 

1S0 ground state to the 3P2 metastable state parallel to the x axis. 

Because of Larmor precession of the atom due to a magnetic dipole 

interaction with H O' the electric dipole oscillator precesses about the 

i field. Now suppose that if the light linearly polarized parallel to x 

travels along H O' the amount of the light absorbed by the metastable 

state reaches a maximum at t = 0, a minimum at t = 1/4 wo and a max­

imum again at t = 1/2 wOo Since the period of Larmor precession is 

1/w
O

' there are two absorption maxima and two absorption minima 

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

-rt 
the Larmor frequency while its amplitude is attenuated by e due to 

the finite spin-relaxation, time 7i given by the relation r = 1/T. From 

this classical point of view, it is rather obvious if a sha.rply pulsed 

electron beam is injected at t = 0, Til, T, 31T/l, .•. , that is, repeated 

at every half-Larmor period, many metastable -state atoniS would pre-

cess about the field synchronously (cohere~tly). Because of the large 

concentration of metastable -state atoniS exhibiting coherent behavior, 

the phenomenon is observable by absorption of resonance radiation. 

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

2 lated by Nedelec, we shall present a more straightforward theory to 
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describe the phenom.ena observed, em.phasizing intuition without involv-

ing a great deal of complex m.athem.atical theory. 

III. THEORY 

Alth h ' 't 6 t" f oug preVlOUS experlm.en S on param.agne lC re sonance 0 

3 
the P2 state of Hg definitel7 ~howed that the states with 1m.) = 10) and 

" ± 1) are m.ore selectively produced than 1m.) = I ± 2), there is no way of 

knowing by just what am.ount the se state s are produced by the electron-

impact m.ethbd used in these experim.ents. All we know is that if we 

take the electron-beam. axis as an axis of quantization, the 3p state's . 2 

wave function ::'\[1 can be represented as 

(1) , 

such th,at P22 = P-2-2' P11 = P- 1 -1 and POO and P11 are greater than P-22' 

.' * where P . is the diagonal density m.atrix defined as P = < a (t)a (t). m.m.; . . m.m. m. m. 

Also, in this coordinate system., a
2
(t), a

1
(t), aO{t), a_ 1(t), and a_ 2(t) 

are com.pletely independent, so that all the nondiagonal density m.atrice s 

vanish. However, because of the observed fact that POO' P 11 > P22' _ 

we are certainly justified in assigning the production rate a, (3, and y 

to indicate the rate of production of the state with m. = ± 2, m. ::: ± 1 and O. 

Ther.efore, the initial m.agnetic sublevel populations at the instant of. 

excitation .can be repre sented by 
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a 0 0 0 o' 

a 13 a a a 

(po) 0 a 0 a 1 
( 2) = Y (2a + 213.+ 2y) • 

0 0 a 13 a 

0 a 0 0 a 

In addition, it was found experimentally that the selective excitation 

rate is independent of the strength of the externally applied magnetic 

field HO' Suppose the electron beam is injected perpendicular to HOi 

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

coordinate system ,transforms to pO by the similarity transformation 

given by 

where.,oi 2) is the angular rotation operator for J = 2. The time .. rate 

change of the density matrix is then given by 

~= 
dt 

i 0 1 
- fi [Je, p] .. I'p + P T P (4) 

where Tp is the electron pumping speed (similar to that of an optical 

pumping speed). .. ~ [Je, p] describes the process of time evolution of 

the excited state due to interaction of the magnetic dipole moment with 

the field, I'p is the decay rate due to such factors as collisions with 

o other atoms, and p IT describes the process of the excita- , i. , 

P 

tion. Since the Hamiltonian Je in Eq. (4) is equal to - J:.' !:O. Eq. (4) 

can be written as 

dPInIn ' _. I a 1 
dt - -1 (In - In )wO PInIn I .. I'PmIn I + PInm I T (5 ) 

P 

where Wo is the Larmor angular frequency, 
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The time ":"dependent intensity of the light absorbed was derived 

by Barrat, 7 and is given by 

I(t} = A L <fJ.I~).. ~ ~lm>Pmm,(t)(m'I~)..· ~1fJ.> • (6 ) 

mm,'fJ. 

where A is a constant multiplication factor, and D the vector electric 

. dipole operator. 7hus~)... E denote s the polarization of the light in 

the ~).. direction. 

Let us consider the case in which the incident electron beam 

is modulated periodically as (1 t cos wt). Then Eq. (5) can be written 

as 

dPmm , 1 0 
dt =rpmm,(1tcoswt) -i(m-m')wOPmm , -rpmm ,· (7) 

P 

The solution of this equation, by noting that, 

(1 t cos wt) 
1 iwt 1 e ... iwt ] +. 2 e t ...=2=--",--_ 

2 -2 

is given by 

( t) - 1 0 [. 1 t 
Pmm' - r Pmm' rti{m -m')w 

P 0 
rtiw+i{m - m'}wO 

1 -iwt 
ze ] 

t ·r ...... -l..-' w-""t-'-iT( m-. -_-m--r'j )rw- O
- . ( 8) 

Before we substitute Eq. (8) iIlto Eq. (6). it is convenient at this stage 

tocalcul~te P~m' from Eq. (3). The rotation operator.m~ 2)(.0. ;. 0) is 

given as 
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1 2 tJ6 2 1 
4 -4 "4" -4 4 

2 2 0 2 ·2 
4 -4 4 -4 

vd 2) ( 0, ~, 0) = ~ 0 
1 ,0 

,J6 
(9) "4" -2 Lf 

2 . 2 
0 2 2 

4 4 -4 -4 

1 2 ~. 2 1 
4 4 '4 4 4 

From Eq. (3) we get 

( (2) W (2)t W ) 
~ (O'2'O)PO dY- (0'2,0) 

1 
0 ~ 0 

1 
'8 (a+413+3'Y) - (a -'Y) '8 (a-4 13+ 3'Y) 8 

0 
1 
2 (a +13) 0 1 '2 (a -13) 0 

~ 0 
1 0 ~ = - (a -'Y) 4 (3ary) 8" (a-'Y) 8 

0 
1 '2 (a -13) 0 

1 '2 (a+l3) 0 

1 "8 (a-4 13+3'Y) 0 tJ6 8" (a -'Y) 0 
1 '8 (a +413 + 3 'Y ) 

X 
1 ( 10) 

2a+213+'Y 
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Substituting Eq. (10) into Eq. (8) we get 

11. 1 a.e '2e 
[ 

1 iwt 1 -i(j.) ] 

P22(t) = SS-(a+4/3+2'Y) r +r+iw +r-iw • 

.- [ l.e iwt , iwt] 
1 1 <I '2 e 

poo(t) = S 4(3a+y) r + r+iw 
+ r- iw • 

[f. l.e iwt l.e -iwt 

1 1 <I 
, 

<I 

P 11 ( t) = ~ '2 (a +/3) + r +iw + r -iw • 

]. 

and 

p_U(t) = ~ ~ (,,-~) [ r -tzwo 
1 iwt 1 -iwt 1 '2e . . '2e 

+ r +i ( w - 2 w
O

) + .... r ..... ~-l:-r· (-w"'7"+"'2 w-
O
"") , ( 11) 

.,' 
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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 the dipole operator we must calculate is of the 

type 

where C 1 is 
q 

1 z 
and Co = r' 

the spherical tensor of rank 1 defined as C 1 = +. ~ (x ±Jy) 
± 1 '\J

l
( " l' 

The matrix elements can be most readily calculated with 

the Wigner -Eckart theorem by noting 

(12) 

where (:\J. ~!) is the 3j symbol and (3S0,J=1llc1113P2,J=2) is the 

:t:educed matrix element, 8 Evaluating the appropriate matrix element· 
~ 

of the type in Eq, (12), and substituting Eqs, (11) and (12) into Eq, (6), 

we get 

I( t) [ 

1 iwt .!.e -iwt 1 
= A' (570. + 361'\ + 37"\1) ~ + "2

e 
__ + ",,2,--.,--_ 

t-' I l. r + iw r - iw 
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[1 
2cos(wt-~0) 1 

:: A' \;=; + (570. + 3613 + 37'{) 
l. <r2+w2)1/2 

+ B' [ 
2 cos ~O ] 

(r+4w~) 1/2 
< 13) 

2 cos (wt-~2) j' 
+ 2. 21/2 {~(a.-'{) + 6(a-j3)}, 

[r +(w-2w
O

) -] . 

. w+2w
O 

where tan~o = ~, tan~1 = . r 
w-2w

O 
, tan~2 :: . r ,and A' and B' are 

time-independent constants. 

Thus we obtain an expected result. The first term shows the 

uninteresting case of resonance-absorption light's being modulated with 

the electron beam modulation that is always expected to occur. 

The second term shows the depolarization effect in the mag-

netic field, known as the Hanle effect. The third term shows the re so-

nance behavior in the modulation amplitude of the absorbed light when 

w = 2wO and w = - 2wo. The term w :: -2wo shows the effect of reversing 

the direction of the magnetic field. 

Equation ( 13) also satisfies the case in which we expect no. 

observable beat phenomenon if the production rate is a :: 13 = 'I, that is, 

there is no selective excitation of the Zeeman magnetic sublevel. 

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 fir~t of all achieve selective 

excitation of the Zeeman sublevels so that a -y and a -13 are as large as 

possible. From the consideration of inelastic electron-atom collisions, 9 

this can be achieved with a low-energy, unidirectional electron beam. 

In order to satisfy the condition w = 2wO so that Wo »1. {where T is the 
, T 

metastable-state spin-relaxation time of the order of 10-4 sec that we 

initially 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 f.J. to avoid the multiple 

scatte ring that alter s the directionality of the electron beam. 

(b) To produce selective excitation, the energy of the electron 

beam must be low. 

(c) 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 -char ge -neutralized electron flow that was theoretically and 

experimentally shown by the brilliant work of Langmuir. 10 In order to 

achieve high-f~equency 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-re sponse 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 400mA, at 3 MHz, 

A simple diode-structure electron-gun excitation tube, satu-

rated 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 in" and was 

indirectly heated, 

There are several reasons for using this method. First 9f all, 

we achieve space -charge -neutralized electron flow because of charged 

+ "double sheaths" near the cathode surface - the Hg sheath and the 

electron sheath;O The rec ombination time of Hg + is a few msec; 

therefore, when we switched the tube at the 3 -MHz rate, the rec;:ombina­

tion time is almost infinite compared with the switching period, By 

means of R 2, the cathode potential becomes equal to the anode .potentiaL 

when the switch is open; thus V{e expect a very 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 behavior 

when the switch is closed, so that a large space -charge -neutralized 

electron current flows to the anode •. Since the resistance across the 

tube is much less than that of R2 when the switch is closed, most of 

the current flows through the diode rather than through R
2

, The capac,. 

itor C is used· to short out the transient effect when the' switch is suddenly 

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-relaxation time is much shorter. Spin-relaxation 

time can be readily measured either by the bandwidth associated with 

paramagnetic re sonance of the metastable state or by the magnetic 

bandwidth as sociated with the Hanle effect. 

Since the experimental setup for observation of the Hanle effect 

satisfies experimental conditions 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 modulat'ion frequency, since w » 1. 'where T is the spin-
T 

relaxation time. Figure 2 shows the cross-sectional view of the diode 

structure electron gun. Figure 3 shows the method we used to modulate 

the space -charge -neutralized electron beam at high frequency. Fi.gure 

4 show a typical Hanle ~effect signal. The spin-relaxation time, deter­

mined from the cu~ve at J = 31 mA/cm2 at room temperature is, 

-4 2 X 10 sec. This is done by matching the curve of Fig. 4b to the first 

term of Eq. (13). The reason for the dispersion-type curve in Fig. 4 

is that magnetic -field modulation is used in order to employ a phase-

sensitive detector that eliminates the 50 Hz IIchoppingll frequency 

synchronized with the heater IIchoppingll 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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-4 
Since T:::l 10 . sec, we decided to use 2.89 MHz for electron-

current modulation since we had a narrow-band amplifier tuned to this 

frequency from another experiment. Since it is more convenient to 

keep the frequency fixed, ~e swept the magnetic field while keeping the 

modulation frequency fixed. 

The modulated electron beam is injected perpendicular to the 

externally applied magnetic field HOi the linearly polarized monitoring 

resonance radiation }.., == 5461 . .AJ63P2 - 7 3S
1

), propagating along the 

magnetic field H O' is used to detect the behavior of coherently excited 

metastable-state atoms (Fig. 6). Figure 7 shows the detection system 

described previously. 1 Figures 8 and 9 show the high-frequency com-

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

HO. These two curves correspond to w = 2wO. 

v. CONCLUSION 

Since the applied magnetic field was fairly small, no correction 

for the curvature of the electron beam was considered. By matching _ 

the Hanle -effect signal to the term corresponding to the Hanle -effect 

term in Eq. (13), we could me.asure the spin-reli1xation time quite 

readily. This may perhaps be a convenient way of measuring the relaxa­
_ t 

tion time of the non-radiative metastable state as a function of environ-

mental conditions such as pressure, and degree of ionization. 

However, the main purpose of this experiment was to observe 

the .beat phenomenon. The phenomenon we observed is, in principle, 

quite similar to that observed by Bell and Bloom 11 using an optical' 

pumping method. However, the optical method works only with states 
; 

connected by the electric dipole transition, while the electron-impa.ct' 

. . 
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method removes this fundamental restriction associated with the optical 

- selection rule. An additional advantage in using space -charge -neutralized, 

high-flux electron flow is that "electron pumping speed" is much faster 

than "optical pumping speed" since by the former method electron cur­

rent can be increased up to 10 A/cm2 . 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, unle s s one uses Kerr -cell type switch-

ing with a considerable amount of loss in intensity. 

Perhaps the most important feature of this method is that 

radiofrequency fields, which perturb the excited state, are not nece s­

sary for obtaining information on that state. By modulating the electron 

beam at a hype rfine - structure frequency, this method should al so yield 

information on the hyperfine structure of isotopic atoms. 
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FIGURE CAPTIONS 

Figure 1. Pictorial view of the prece s sion of the electric dipole 

oscillator. 

Figure 2. Cross-sectioniU 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) shows 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 tempe rature. The relative sign of the signals is 

reversed for current higher than 140 mAo 

Figure 7. Block diagram of detection system. 

Figure 8. Re sonance -absorption beat signal with electron beam 

modulation at 2.89 MHz. 

Figure 9. Resonance -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
mlSSlon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representatiqn, 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 

B. Assumes any liabilities with res~ect 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. 
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