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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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OBSERVATION OF LAMB SHIFTS BY QUANTUM BEATS*
Tetsuo Hadeishi
Lawrence Radiation Laboratory
University of California
Berkeley, California

August 12, 1968

Abstract
The technique which we used previously to observe quantum beats
due to coherent electron-impact excitation of Zeeman magnetic sub-
levels is extended to the observation of the Lamb shift in the n=4
state of 4He+. The quantum beats in our new experiment are due to
temporal variations of the flourescent light. We extend Series'
theory and report the first experimental observation of the effect

predicted by Series.

In 1964, G. W. Series' proposed measuring the energy interval between two

 atomic energy levels of different parity (Lamb shift) by investigation of

modulated flourescent light. He applied his idea to the 2S - 2P energy interval
in the hydrogen atom, in which the 2§ state is a metastable state. This letter
reports the confirmation of Series' proposal, along with a sketch of an
extension of Series' theory for the more general case with which both S and P
states decay very rapidly but with different rates.

In the past, we felt that experimental confirmation of Series' proposal
was very difficult, and made no attempt. However, a few months ago, we came
across some very interesting experiments performed by'Bashkin2 and his
collaborators, in which they observed modulation of some_of the resonance
flourescence lines in He® and H. The excited states of He' and H are
created by passing a fast-moving He' or H' ion, accelerated by a Van de Graaff

generator, through a thin foil. A theory was constructed by Wangsness,® quite
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independent of'Series, to account for Bashkin's experiment, Although the
theory did not agree well with Bashkin's experimental result, we felt that the
basic idea of Wangsness (hence that of Series) was quite correct. Bashkin's N
very interesting observation of the light-beat phenomena led to our reconsid-
| eration of Series' proposal; and, by simple extension of Series' caiculation, |
we came to the conclusion that, by use of an electron impact method," the
nS-nP energy interval of He' and He'-like ions must be observable by means of
a quantum-beat technique.

In Bashkin's experiment, in order for the light beats to occur in the
resonance fluorescence, it is neceséary that, at the instant of excitation,
as the ion passes through a thin foil, one of the states must be preferentially -
excited in comparison with aﬁother state, of opposite parity. At present, there
is ﬁo theory that accounts for this type of phenomenon.

On the other hand, for electron-impact ionization by the simultaneous
double-excitation process, theory implieé that the excitation cross section
0(48) for the n=4 S state of He' is smaller than o(4P).% Even if the theory is
wrong, it’is very likely that o(4S) # o(4P). Hence the observation of the
4S - 4p ihterval by the light-beat technique, using electron-impact ionization,
offers an independent confirmation of Wangsness' explanation of Bashkin's
experiment. The n=4 state of He' was chosen, since this state has been studied
in detail by Lea, Leventhal, and Lamb at Yale,and Beyer and Kleinpoppen at
Tibingen, using a conventional rf resonance technique.® The aim of our experiment
was to explore fhe new methods of measuring Lamb shifts, and to explain the
mechanisms behind Bashkin's experiments by using a completely different type of G
experimental method.

The experiment was performed in the following way. The electron beam was

modulated at a frequency f chosen so that
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Va® [val

5 <«< f <«
() /4 + Wy

where Ya and .Yb are the decay constants of unperturbed 4S and 4P states
respectively; wab is the energy interval between the states represented by
|4 281 /2m> and |4 2P1 /2m> , which can be varied by changing the externally
applied magnetic field; and V is the Stark shift, given by V < ]J{Elb> /h,
where J-(E = -BE When the above-mentioned condition for the electron-beam
modulation frequency is satisfied, the amplitude of fhe light modulated at
the frequency f goes through a significant change as Wab + 0 (level crossiﬁg).
The existence of this phenomenon is sufficient to show the correctness of
Wangsness' explanation of Bashkin's exp.eriments.2

. The principle behind the experiment can be explained in the following simple
way. Let the states | > and ]b> be the pair of eigenstates of the atomic
Hamiltonian describing the n=4 state of He' for 14 Sl/2 > and |4 P1/2 >
respectively, with damping constant Ya for the 4S state and Y for the 4P state.
We assume that in the presence of a magnetic field the energy interval
between the |4 281/2n> and |4 2P1/2m> state is smaller than for any other
pair having opposite parity. Then, in the presence of the static electric
field, the time-dependent wave function |1p(t)> may be expressed as a super-

position of these two states, given by
We) = A0 e Ja) + A (e) 7T ) M
where k h = E_ and kh = E_, the energy of states l> and [b> respectively.
Introducmg the d1agona1 damplng Hamlltonlan}/D defined by <Pﬁ%| >
y and (b _|b) - y , and writing the total Hamiltonian ¢ =
D b

X, +:HE + ¥, where H, is the atomic Hamiltonian in the presence of a static

magnetic field, applied to reduce the energy interval between the states Ia>
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and |€> so-that the simple two-level theory can be'used, and-ﬁ% is the Stark
shift Hamiltonian, we can readily solve the time-dependent Schroedinger's
equation. "By éolving the time-dependent equation, with the initial condition
Ao(to) 0 and A (t ) 1 for 51mp11c1ty of discussion, since o(4P) > o (4S), -

as implied by Dalgarno,® we consider the spontaneous electric dipole transition
to the n=3 state associated with visible photons at 4686 A. LettingA|é>
represent the n=3 states in which the spontaneious emission from I\p(t)> is

allowed, i.e.,

lg)

- {C |3 Sl/2> + 13 Pyyom > + ol 3 Pz oM >

m,m' ,m" ,m"’,m

* € |32D3/2m"' " Cm....lszns /Zm"'>} -,

where the C's are the vector-coupling coefficients, one can obtain an expression
for the intensity of the light radiated, I(t t ), at time t, when the initial

state |Y(t i> was formed at't = t . This is

L0ty = 5 (% % 8 B X 1 = G513, 2lvce) I
| |Vablz g ) |
= Kl p2+q2 exp [‘(7 + p)(t-to)] + exp [— QZ - p)(t-toﬁ

-2 cos q(t-t ) exp [-(g)(t'to)}}

1 § 2 52 ' I
+K2[4(p2+q2) {[(’2‘ - p) + (Wab'q) J exp [-(7 - p) (t'to)]

+ [&-mP s tgr?] e -G (t-to)]}

+2 (o cos qt-B sin qt) exp [-(g}(t—toﬂ + interference term R (2)
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where § = Y Ya and T = Yp*Y, _K1 and K2 are the proportionality constants
dependent on the polarization, oscillator strengths, etc., that describe the
intensity amplitudes of the emitted light, and are of no concern to us here.
The optical interference term of Eq. (2) oscillates, in general, very rapidl?_
compared with q, the perturbed energy interval between |a> and ]b> , and hence
one can show that this term integrated over the duration of the electron beam

pulse must vanish. The quantities q, p, o, and B, are given by

2 2 '
2 _ 8 2 2 8 2 22 42 22
pr=1/2 {[T "Wy - 4Vl :l +\/{74— Wyt Alvab‘} - 4lVgl” 8 }’
2 2 2
2 § 2 2 2 2 .2
| 1/2{-[1— - Wy - 4[Vab|}+\/{ 715— WL 4|Vab|§ -4Vt s }, and

2
. 2 . 2
a+18=ﬁpz"'}f—+q2‘wab)+l[q6'2pwab]}/4(P +q2)~

These expressions agree with Series results, if ya =0 and vy = Yy The physical

Ke]
]

meaning of q is the energy interval between the states I%> and |é> as perturbed
by the Stark effect.

Equation (2) should explain Bashkin's findings, if the simple two-levél
theory can be applied to his experiment, and the result should be the same as
that obtained by Wangsness.® Equation (2) predicts that if the state H> X
is excited by a very sharp electron beam pulse, the resonance fluorescence
decays at two éifferent rates, and the components that oscillate at the frequency
q decay at a rate given by the average of the two damping constants.

Now if the electron beam is modulated as (1 + cos f to), then the intensity

of light radiated at time t is given by
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_ t
I(t) =¢ [, I(t,t )(1 + cos £ t )dt
= K} {A1 + By cos ft + C; sin ft} + K, {A2 + B, cos ft + C, sin ft} .(3) .
A}, By, and C; are all proportional to [Vablz, so, for the sake of simplicity in .

the limit ]Vébl << ', we ignore the first term in comparison with the second

term. The most interesting physics lies in the second term, where

2 2 2
v (T2/8 + W, 2 + 2|V |5
A= 3 lablz 5 o Wl << 12
Y (T4 + W) + 2V 190y, ) ™

L {[(«s/z - )%+ -7 (/2 - p)
2apta (/2 - p)* + £

2 2
. [(6/2 +p)° + (W +q) ][1"/2 + PTL+{L/2[aP-26(q+f)] . 1/2[oz1‘—26(q-f)j}
/2 + p)° + £ 20+ @B ta s @6)°

and C2 =

L {[ca/z -p% e il 1672+ p)Y ~cwab+q)2]f}
2
+q")

+
4(p° /2 - p)2 + £2 (/2 + D)2 + £

, 1/2[20(q+£) + 8] , 1/2[2a(q-f) + 6T]
r?/4 + (q+f)* rl/4 + (g-£)°

Equation (3) predicts the intensity I(t) of the resonance fluorescence, when
the incident electron beam is modulated as 1 + cos ft, for any arbitrary frequency

f. For example, if q = #f, and £ >> T, the coefficients B, and C2 show a L

2

resonance behavior quite similar to that of the light-beat phenomena we reported

previously.’” On the other hand, if we consider a case in which
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ab §

5 < £ << §/2 , v 4)
8°/4 +.W'éb '

the amplitude of oscillation Bz‘piays the major role, and C2 << B2 while A2

" remains constant. Under such conditions

2 2 o
1 Vi (v, /4 - W) 1 . '
I) =5\ -3 7] a2 77 T 7, ( cos ft
b 5/4+Wab (Yb /4+Wab ) ,(‘S /4+Wab)
v, | |
R S > ab 5 cos ft when'yb >y (5)
b 8°/4 + Wy @ -

showing the variation in I(t) as W, ~ 0. This is the theoretical prediction
we wished to test experimentall&, showing that the S - P crossing point can be
detected very accurately by observing the change in the amplitude of the cos
ft oscillator term.

Figure 1 shows. the eXperimental arrangement, which is quite self-explanatory
An glectronvgun having a frequency response well above a GHz was constructed to
study the general form of our prediction [Eq. (3)], in addition to studying
Eq. (5) resulting from the condition (4). This latter situation requires only
a very low-frequency response of a few MHz. The well-evacuated electron gun,
capable of maintaining a sealed-off Vaccum pressure of 2 X 10-9 Torr for an
indefinite period of time by the pumping action of a titanium sublimation pump,
was filled with about 0.5 p of He and placed inside an electromagnet where the
magnetic field can be changed by means of a simple operational-amplifier

system. A 100% modulated electron beam with a low rms current of about 1mA/cm2

and 200 eV energy was used in order to minimize the electric field created by
the electron beam and the He® ions. Figure 2 shows a typical one-sweep signal

for the |4 2Sl/zm = -1/%> , |4 ZPvl/2 m = 1/%> level crossing with an electron
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beam modulation frequency of 2.8 MHz (for energy level diagram refer to Ref. 6).
Since this level-crossing éffect is sensitive to the electric field perpendicular -
to the magnetic field H, the required small electric field was mainly caused by

the thermal motion of 4 4He+ moving perpendicular to H, plus a small radial

field created by the eleétron beam and He' ground-state ions. This field ' ‘ -'.

amounts to a few V/cm, so that the requirement of

2
ab] §

62/4 + W

AV
<< f << §:

2 2

ab
can be satisfied for 4 He'. A similar, but more broadened, crossing signal, with
an excellent signal-to-noise ratio, was also observed for the |4 281/2 = —1/é>,‘
|4 2P1/2 m' = -1/2> level crossing at the higher field-crossing point. In
this case, the broadening was due to the electric field penetration into the
screen-anode region from the control grid, as the electron gun was intentionally
. constructed with somewhat coarse screensrto test our prediction of Eq. (3)
when £ >> ' (order of 2 to 3lGHz), which requires a higher value of the electric »
field. This phenomenon will be reported elsewhere. Since our experimental
observation is based upon Eq. (2), which also explains Bashkin's results, we
believe that our experimental observations give additional support for
Professor Wangsness' explanation of Professor Bashkin's experiment. Also we
believe that this new method is one of the simplest ways to measure'the Lamb
shift in short-livéd excited states.

I express my appreciation to Professor G. W. Series for teaching me about

-
the light-beat theory, through private commnications and conversations in the

past. I am also grateful to Professor Bashkin for his hospitality dufing my o |
visit to the University of Arizona, for showing me his experimental arrangéments,

and for discussions which inspired this experiment. The electron gun wés |
constructed by Wilton_Berlund of the Lawrence Radiation Laboratory glass shop,

and his patience in'so closely following my electron gun design is greatly

appreciated.
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FIGURE CAPTIONS

Figure 1. Experimental arrangement used for level crossing when the

v V, |2
electron beam modulation frequency f is such that lﬁglL—Ji— << f <
8 2
7 * Wap

Figure 2. Typical experimental result of the modulated intensity of
resonance fluorescence as a function of externally applied magnetic
. 2 - - 2 ’_'> . . y
field for |4 81/2 m = 1/€> |4 Pl/2 m' = +1/2) crossing point. All
the experimental results showed the slope in the base line. An error
" of #2% in the magnetic field is because of the use of a flip coil that

was calibrated against NMR,

5
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