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Comment on the buoyant nonbouncer

J. R. Torczynski

Fluid and Thermal Sciences Department, Sandia National Laboratories, Albuquerque, New Mexico 87185

(Received 8 April 1986; accepted for publication 4 September 1986)

Recently I. R. Lapidus put forth the buoyant bouncer’
problem. He proposed dropping a bal of radius R and den-
sity p into water (density p,, >p) from a height H and
presented a calculation of the time required for the ball to
return to its original height. Lapidus made two assump-
tions: Friction losses are negligible, and the ball radius is
negligible compared to the height (R € H). These assump-
tions are contradictory under any reasonable conditions.

When the ball has reached the water surface, it will be
traveling with a speed U = (2gH) 12 On entering the wa-
ter, the ball will experience a drag force?

Fy,=1p,U*CpmR*=p, gHC,7R?,

where C, is the coefficient of drag. The coefficient of drag
C, is a function of the Reynolds number Re = UD /v,
where D = 2R and v is the kinematic viscosity (for water,
v=10"5m?/s). For Reynolds numbers less than 3 X 10°, it
is found that C, >0.5; in fact, for low Reynolds numbers
(low velocities) Cj, ~24/Re— « as Re—0 (Stokes’ for-
mula). For larger Reynolds numbers, C, does dip to
around 0.2 but apparently doesn’t vanish (see Landau and
Lifshitz? for a graph of C,, as a function of Re).

To satisfy the requirement of negligible friction losses,
we require that F, € F,;, where we take the gravitational/
buoyancy force® Fy; as given by Lapidus,

FG = mg(p_w_zi).) = iER 3g(pw ..__p).

P 3
When the algebra is simplified, we are left with the follow-
ing relation:

H<i(1 - _P_)R.

3C'D P w

If with the symbol ““ €’ we are denoting at least one order
of magnitude (factor of 10), then combining this relation
with the other assumption of Lapidus (R € H) yields the
following requirement:

CD <L(1 — _&)
300 Puw

Even under the most favorable conditions, it is impossible
to satisfy this requirement.

The reason this conflict arises is that the physics of Lapi-
dus’ assumptions incorrectly describes the real situation.
The motion of a sphere in water will be drag dominated at
these gravitationally induced speeds: for R € H, the impact
velocity of the sphere will be far greater than its terminal
velocity. (There is also the strong likelihood that surface
waves, gravity and/or capillary, will be very important en-
ergy sinks.) At this point a statement by Richard Feyn-
man’ is particularly appropriate:

John von Neumann was well aware of the tremendous
difference between what happens when you don’t have
the viscous terms and when you do, and he was also
aware that, during most of the development of hydro-
dynamics until about 1900, almost the main interest was
in solving beautiful mathematical problems with this ap-
proximation which had almost nothing to do with real
fluids. He characterized the theorist who made such
analyses as a man who studied “dry water.” Such analy-
ses leave out an essential property of the fluid.

'L. R. Lapidus, Am. J. Phys. 54, 10 (1986).

2L. D. Landau and E. M. Lifshitz, Fluid Mechanics (Pergamon, New
York, 1959), pp. 168-172.

31t should be observed that these forces accelerate the surrounding water
as well as the ball, so the expression for the acceleration of the ball must
also include the apparent mass of water that is accelerated, as Crawford*
notes.

4F. S. Crawford, Am. J. Phys. 54, 584 (1986).

R. P. Feynman, The Feynman Lectures on Physics (Addison-Wesley,
Reading, MA, 1965), Vol. I, p. 40-3.

The Thomas precession gives g, —1, notg,/2
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Modern experimental techniques such as laser-rf excita-
tion, quantum beat spectroscopy, level crossing measure-
ments, etc. provide direct determinations of atomic fine
structure splittings, often to uncertainties of less than
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10~ '° Rydberg units. For hydrogenlike atoms these split-
tings can be predicted by a neat and concise semiclassical
development of the spin-orbit interaction energy, present-
ed in many textbooks on atomic physics (Refs. 1-5), that is
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based on the Biot—Savart law and the vector model of angu-
lar momentum. Although the data available are of suffi-
cient accuracy that self-energy corrections to the anoma-
lous magnetic moment of the electron are necessary to
obtain agreement, these contributions are neglected in
most textbook developments. The purpose of this note is to
indicate how self-energy corrections can be retained in the
standard exposition of the spin-orbit energy with no in-
crease in complexity, producing an expression that agrees
with the experiment to within four parts in 10°.

The standard textbook development'~ of the spin-orbit
interaction energy considers the magnetic field seen by an
electron in a hydrogenlike atom due to the apparent motion
of the nucleus, which is given by (in standard symbols'®)

B=_kEZe(r><v)=Zki_I_,_, (1)

¢ r mc? P
and the anomalous magnetic moment of the electron, given
by

e

W= — 8 — S. (2)
2m :

In the rest frame of the electron the interaction energy for

these two charge circulations is

Zke*  LsS
2(me)? P

To transform to the rest frame of the nucleus it is necessary
to take into account the Thomas precession. This is dis-
cussed in Refs. 1, 6, and 7, and requires that the Larmor
frequency due to electron spin be corrected by the addition
of the transformational Thomas frequency. The Thomas
precession is in a direction opposite to the electron Larmor
precession, and involves all of the same quantities except
for the electron g factor. The frequency after transforma-
tion to the rest system of the nucleus is

AE = — p’s.B =g

(3)

eB B eB ;
0=g S -2 (g - 4
e s o (g )2m (4)
Since the energy is given by '
Zke* LS
AE=oS= (g —1)-2%_ LTS 5
& 2(mec)* P S

the g, — 1 factor also occurs in the energy. At this point
most textbooks approximate the anomalous magnetic mo-
ment by the Dirac moment g, (D) = 2, neglecting the elec-
tron self-energy corrections that are given by

g =2+ (a/m) —0.657(a/m)* + -+~ . (6)

(Models for the origin of these corrections have been pre-
sented by Grotch and Kazes.®) Some textbook develop-
ments substitute g, (D) — 1 =1, removing the explicit
dependence upon g,, whereas others substitute
g2.(D) — 1 =g, (D)/2. Although the use of the multiplica-
tive factor g./2 to make the additive correction for the
Thomas precession is technically correct in the limit
2. —g. (D) = 2,its use can be misleading to students, since

g82=14+a/2z+ -, €))
whereas
g —1l=1+a/m+--. (8)
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Possible confusion in comparing textbook expressions de-
scribing atomic physics and quantum electrodynamics
could be avoided simply by retaining the general correction
factor g, — 1 in the expression for the fine structure. The
self-energy corrections are important, amounting to
0.23%, substantially larger than, e.g., reduced mass cor-
rections that are only 0.05%.

If self-energy corrections are included through the
g. — 1 factor, and the expectation values

(LS = [j(j+ 1) =1+ 1) —s(s+ DI#F/2  (9)
and
(r= =(Z/agn)* LI+ DU+ 1] (10)

are substituted into Eq. (5) and reduced mass corrections
are made, the expression for the fine structure separation
between two levels with the same n, , s, andj =/ + s( + )
andj =/ — s( — ) obtained from Eqs. (5), (8)-(10) is

(AE(+)—AE(—-))
__U+a/m Ra*Z*
(1 +m,/M,) B*l(I+1)

For the fine structure of the 2p term in hydrogen, Eq. (11)
yields 10 968.74 mHz, which is within four parts in 10° of
the experimental value of 10 969.127(87) mHz.'

In addition to its application to hydrogenlike values, Eq.
(11) is also useful in describing the fine structure of x ray
and optical spectra in complex many-electron atoms,
through the use of a noninteger screened charge Z—~Z — §.
Eq. (11) is the lowest-order term in an @ Z expansion of the
Dirac energy, and an explicit general expression for gener-
ating higher order corrections is given in Ref. 11.

Thus, within the spirit of the heuristic derivation, this
exposition of the spin-orbit interaction accounts for the
self-energy corrections through the factor g, — 1, and pro-
vides a useful pedagogic example which illustrates the very
high precision that is possible in atomic spectroscopy.

(2s). (1D
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