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What rate (P,) of energy transfer is attainable by a Maxwell’s demon who sorts gas molecules
serially; and how much time (z,) does it take to achieve a designated temperature difference AT
across a partition? Two estimates are made, using (i) the energy—time form of Heisenberg’s
uncertainty principle and (ii) classical kinetic theory. For a dilute gas, at ~300 K, the
uncertainty principle implies P, < 1.5 10~ ¢ W. If the gas volume is the size of a large room, and
AT = 2K, thent, > 10° years. These bounds are loose, but are of interest because this is one of few
elementary applications of the energy—time uncertainty principle. With similar assumptions,
classical kinetic theory implies much tighter bounds: P, < 107° W and ¢, >4 X 10° years. The
kinetic theory approach allows an extension of Brillouin’s demonstration that the second law of
thermodynamics cannot be violated by a Maxwell’s demon using light signals.

L. INTRODUCTION

In his book Theory of Heat, first published in 1871,
James Clerk Maxwell proposed a thought experiment in-
volving “a being whose faculties are so sharpened that he
can follow every molecule in its course.” Maxwell imag-
ined’ “a vessel of gas that is divided into two portions, 4
and B, by a division in which there is a small hole, and that
a being, who can see the individual molecules, opens and
closes this hole, so as to allow only the swifter molecules to
pass from B to A4, and only the slower ones to pass from 4 to
B. He will thus, without expenditure of work, raise the
temperature of A and lower that of B, in contradiction to
the second law of thermodynamics.” This challenge to the
second law assumes, of course, that the two-chamber sys-
tem is energetically isolated from its surroundings.

Such nimble beings were subsequently nicknamed “de-
mons” by William Thomson,” who referred to the original
Greek definition of a demon as a supernatural (but not
necessarily evil) being. He described this Maxwell’s “de-
mon” as “a creature of imagination having certain perfect-
ly well defined powers of action, purely mechanical in their
character, invented to help us to understand the ‘Dissipa-
tion of Energy’ in nature.” The fascinating idea of a Max-
well’s demon captured not only Thomson’s imagination,
but the imaginations of many physicists over the years.

It was argued later by Szilard* that a Maxwell’s demon
(MD) could sort molecules only if it could obtain informa-
tion about them. Demers® and Brillouin® assumed visual
detection that requires an illuminating radiation field
(light) distinguishable from the blackbody radiation asso-
ciated with the gas itself. The demon gathers information
by detecting light photons scattered by the molecules. Bril-
louin showed that the entropy associated with this kind of
information-gathering process more than compensates for
the entropy decrease associated with the attained tempera-
ture difference. His demonstration that information and
entropy are intimately related, and that the action of a de-
mon cannot decrease the entropy of the universe, laid to
rest, at least temporarily, the idea of an MD circumventing
the second law of thermodynamics.%’

More recently, it was argued that, in principle, informa-
tion gathering need not be dissipative. Bennett, building
upon work of Landauer,® identified the fundamental rea-
son a demon cannot violate the second law to be the erasure
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of its memory, bringing it back to its initial state. This argu-
ment, which shifts attention from acquiring to discarding
information, has rekindled interest in Maxwell’s demon.
Our concern here is with yet another interesting, if less
provocative, aspect of Maxwell’s demon.

Maxwell’s original thought experiment was intended to
show the statistical nature of the second law of thermody-
namics.’ That is, the effect induced by a demon could occur
in principle as a fluctuation—even in the absence of a de-
mon—if the shutter were simply left open for a period of
time. In this regard, Sir James Jeans wrote,'® “Thus Max-
well’s sorting demon could effect in a very short time what
would probably take a very long time to come about if left
to the play of chance.” In what follows, we examine the
extent to which this statement holds true.

Specifically, we ask: How long does it take a sorting de-
mon to achieve a designated temperature difference, and
what rate of energy transfer is attainable? This issue has not
been addressed generally in the past.'' Qur analysis pro-
ceeds along two distinct paths. In Sec. IT we show that the
energy-time form of Heisenberg’s uncertainty principle
limits the time rate at which a Maxwell’s demon can oper-
ate, imposing an upper bound on the power transferred and
alower bound on the time required for ademon to achieve a
specified temperature difference between the two cham-
bers. Assuming serial sorting of molecules in a dilute classi-
cal gas, at temperatures near 300 K, we find an upper
bound of ~1.5X 107° W on a demon’s power generation.
The time needed to generate a 2 K temperature difference
in a large room exceeds 1000 years. These admittedly loose
upper bounds, based upon rough approximations, are of
interest because this is one of the few known elementary
applications of Heisenberg’s energy—time uncertainty prin-
ciple.

In Secs. ITI-IV we use the framework of classical kinetic
theory to get tighter bounds by carefully examining the
effects of serial processing. Specifically, we impose the re-
quirement that the shuttered aperture be small enough that
the MD can process information one molecule at a time,
This condition is similar to that for classical effusion, i.e.,
the flow of gas through a “small” aperture. Smallness can
be defined relative to the mean distance between gas mole-
cules'? or to the mean free path."

We assume atmospheric air initially at room tempera-
ture, with a mean intermolecular separation of
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107°-107% m, and a mean free path of ~10~7 m. We
choose an aperture of area 1 X 107 '® m?, roughly the lar-
gest size satisfying the serial-processing condition. A
smaller aperture gives a lower energy transfer rate. These
assumptions imply an energy transfer rate of order 10~°W
(1nW) or less and a time >4 X 10° years to generate a2 K
temperature difference in a large room. This power level,
which is comparable to the average dissipation per neuron
in a human brain,' illustrates the impotence of a Max-
well’s demon using serial processing. In analogy with com-
puters, the use of parallel processing could improve this
considerably.

In Sec. V we return to the energy~time form of the Hei-
senberg uncertainty principle, illustrating that an MD easi-
ly operates within its bounds. Section VI contains an exten-
sion of Brillouin’s analysis,® demonstrating that a demon
who uses light signals cannot violate the second law of ther-
modynamics.'® Finally, Sec. VII is devoted to remarks on
the interrelationship between energy, information, and
time.

IL. LIMITS IMPOSED BY THE ENERGY-TIME
UNCERTAINTY PRINCIPLE

Assume that chambers 4 and B have the same volume
and, initially, hold identical amounts of a classical, mona-
tomic gas with the same temperature 7,. Let the demon
operate on the atoms serially, first allowing a qualifying
swift atom to pass from B to 4, then allowing a qualifying
slow atom to pass from A to B, repeating this two-step
process ad infinitum. This procedure assures that the aver-
age number of atoms in each chamber is fixed. Suppose the
demon begins to observe chamber-B atoms at some time,
finds a qualifying fast atom with kinetic energy K,, ap-
proaching the shutter, and allows it to enter chamber 4 at a
time t5, seconds later. Assume that just as it passes
through the opening, the uncertainty in the atom’s kinetic
energy is 6K g,. Denoting the uncertainty in the time at
which this atom passes through the opening by 8¢, Hei-
senberg’s uncertainty principle implies'¢

6Ky, Oty >h /4w, (D

where 4 is Planck’s constant.
The demon can operate effectively only if K, is well
defined, which implies that

6Kgy <Kpgy. (2)

Additionally, the shutter must be held open for a time in-
terval t,, of at least bty, seconds, to assure that the atom
passes through; i.e.,

Stpy <tpy. (3)
The inequalities (2) and (3) are valid regardless of how the

demon makes its energy determination. It follows from
(1)—(3) that

Ky tp,s >6Kg, Oty 2h /4. 4)

A similar argument holds for transfer from chamber 4 to
chamber B, and expression (4) holds also with the labels B
and A interchanged.

The total time it takes to effect one B—A transfer fol-
lowed by one A — B transfer is t5, + t,5. Recall that ¢,
and ¢ 5 are the respective time intervals required to identify
and get through the shutter a qualifying pair of B and 4
atoms. Using (4) and its counterparts with subscripts re-
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versed, the average net energy transfer rate (or “power”)
P, for this pair transfer can be written

Py=[Kps —Ksp)/[tos +145]
<4nKp, K 5 (Kp, — K, p )/[h(KBA +KAB)]
< (4m/h)Kg K ,p. 5

To proceed further, the demon’s selection strategy must
be specified. Any criterion that satisfies the condition
K4 > K, will result in a positive power transfer from B to
A.In 1867, four years prior to his Theory of Heat, Maxwell
suggested privately® that 4 — B transitions be limited to
atoms in A whose speeds are less than the root-mean-
square speed of the atoms in B, and that B— A4 transitions
be restricted to those atoms in B with speeds greater than
the root-mean-square speed for chamber-4 atoms. His pro-
cedure corresponds to choosing kinetic energies less than
or greater than the average kinetic energy per atom in the
opposite chamber. We adopt Maxwell’s sorting criteria:
Kpy>K, and K, <K, where K is the average kinetic
energy per atom in chamber /. It is convenient to write K,
=gK,, with g> 1, whereupon the right-hand side of (5)
satisfies 4mh ~ 'K, K . <47gh —'K K.

The assumed isolation of the combined system 4 + B
implies NK, + NK, = 2NK, = const, where N is the
number of atoms and K, = 3kT,/2 is the initial internal
energy per atom in each chamber. The inequality (5) can
be put into the form

drg 4mgK (KB)( KB) 47g
P38k Bs)(p_28)_478 g2
@<y TAhe T %, K/ "k °
(6)

The last step holds because x(2 — x), withx = K5 /K, has
a maximum value of unity (when x = 1).

Numerical estimates, for a room-sized chamber of air at
normal room temperature, are enlightening. These esti-
mates enable a comparison of the time required for a de-
mon to generate a small temperature difference with the
time associated with routine, familiar temperature varia-
tions induced by common building heating and cooling sys-
tems. First, we get a bound on the power. Assuming initial
temperature T, = 300 K, and g <2," the inequality (6)
implies P, < 1.5 10~ W. This is a loose upper bound be-
cause (6) is the result of a relatively crude set of approxi-
mations. Nevertheless, it shows that under the envisioned
conditions, the uncertainty principle limits a Maxwell’s de-
mon to power levels on the order of microwatts or less.

The implication of (6) on the time it would take a demon
to generate a given temperature difference can be seen by
writing the net power delivered through the shutter as

dK dK
P,=N—"2= N2 c4ngK, (2K, — Kz)h .
dt dt
This implies dt> — NhdKy/[4mgKy (2K, —Kjp)],

which, when integrated over O<i¢<?; and
Ko > Kp > K a1 » brings the result
ta> (Nh/12mgkTo)In[ (2Ko/K g snea ) — 1] (7

For N = 2.4% 10¥” atoms (the number of air molecules
in a room of volume 100 m*), T, — Tgom =1 K,
Ko/K g nar = 300/299, and the above choices for 7 and g,
the inequality (7), implies 7, > 3.3 X 10'° s~ 1050 years.
Clearly, the Heisenberg uncertainty principle restricts a
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Maxwell’s demon to be a relatively ineffective worker in
terms of both power and time considerations.

Several remarks regarding the above analysis are in or-

der. First, that analysis can be extended to the case of di-
atomic molecules, for which the power transferred is P,
= (Egq — E45)/(tp4 +14p5), where E,,, =K, , +1,,,
and I, represents the energy carried from chamber m to n
by internal degrees of freedom (i.e., rotation and vibra-
tion). When the chambers have approximately equal tem-
peratures, we expect I,,, =1, (on the average), and the
power transfer will be approximately the same as for the
monatomic case. When T, > T, the internal energy trans-
ferred from A to B exceeds that transferred from B to 4,
reducing the net power transfer. That is, the net average
power transferred for a diatomic gas is bounded from above
by that for the corresponding monatomic case.

Second, we observe that the lower bound on the time #,
can be decreased by reducing N, but then the total energies
of the gases in chambers 4 and B decrease, and so there is
less available energy for any given temperature difference
(T, — Ty).

Third, once a temperature difference exists between two
portions of a gas, it is possible in principle to run a heat
engine using this difference. The available energy and effi-
ciency for delivery of this energy as work has been exam-
ined elsewhere.'® The maximum efficiency for operating a
reversible heat engine between two identical chambers at
initial temperatures T, and T, and equal final tempera-
tures, is 7 = 1 — (T»/T,)"% As expected, this efficiency
is lower than that from a Carnot cycle operating between
infinite reservoirs at fixed temperatures 7, and T,.

III. A CLOSER LOOK: KINETIC THEORY AND
SORTING STRATEGIES

In this section, we use classical kinetic theory to look
more closely at the power transferred and time required by
a Maxwell’s demon. Our analysis extends an earlier rough
estimate of a demon’s maximum power based on kinetic
theory.'® We assume the gases in both chambers are initial-
ly at the same temperature, remain in equilibrium through-
out, and are describable statistically via the Maxwell veloc-
ity distribution function:

fw) = (m/27kT)*'? exp( — mu?/2kT). (8)
Here, f(u)d®u represents the fraction of molecules
in the velocity neighborhood d’u=du, du, du, about
u = (u,,u,,u,), kis Boltzmann’s constant, m is the molec-
ular mass, and 7 is the absolute (Kelvin) temperature.

We assume also that the molecular speed u can be taken
to lie in the interval (0, « ),!° and that

477'J°of(u)u2 du=1. (9)
0

The average and root-mean-square (rms) speeds, respec-
tively, are

u,, (T) = (8kT /mm)'/?, (10)
and
u,(T) = (3kT/m)"2 (11)

Our demon must identify *“qualifying” molecules with
speeds u in a specified interval (u,,u4,) and operate a shut-
ter quickly enough to allow only qualifying molecules
through the opening. To estimate the time taken by the
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demon, we must specify how the demon picks the speed
interval (u,,u,). Many possibilities exist. For example, if
the gases in chambers 4 and B have the same initial tem-
perature T, and rms speed, u, (T,) = (3kTy/m)"/? the de-
mon could let molecules with speeds exceeding this speed
pass from B to A and those with lesser speeds passfrom 4 to
B, keeping the average number of molecules in A and B
Jfixed. This leads to a net positive flow of energy from B to
A.

Here, we adopt a slightly modified form of Maxwell’s

prescription that a demon allow a molecule into chamber 4
only if its kinetic energy (KE) exceeds the average molecu-
lar KE in 4, and into B only if its KE is less than chamber
B’saverage molecular KE.° Our generalization of that pro-
cedure is that a demon shall allow chamber-4 molecules
through the opening only if its speed is in the interval
[0,8u,(Ty) ], where Sis some positive number. Similarly,
only chamber-B molecules with speeds in the interval
[au,(T,),x ]|, where a is a positive number to be speci-
fied, are allowed through the opening. In Maxwell’s pre-
scription, the parameters a and 3 are both unity. We keep
them as variables to enable examination of the sensitivity of
our results to changes in the sorting strategy.

We calculate the numbers, dN,; and dNg,, of
qualifying A and B molecules, respectively, impinging
upon the opening in a small time interval dt:
dN p=dN ;(0<u, <Pu,(Ty)) and dNg,
=dNg(au,(T,)<up < o). Note that dN,, depends
upon 7T, through the distribution function and depends
upon Tz via u, (7). Similarly, dN, depends upon both
Tgand T,.

Let us focus attention on one chamber of volume V, con-
taining N molecules at temperature 7. How many mole-
cules with speeds in (u, ¥ + du) are expected to reach the
aperture, of area s, in a time dt? Molecules in this speed
interval, and with velocity vectors making angles & and ¢,
are contained in the collision cylinder illustrated in Fig. 1.
The number of such molecules is

X,
\\rb

X-Y PLANE —

Fig. 1. Two-dimensional representation of the collision cylinder. The cyl-
inder axis makes an angle 6 with the normal to the aperture plane and has
volume [su cos(8)dt]. The aperture is the base of the cylinder, with area
5, in the x-y plane, perpendicular to this figure. The angle 8 varies from 0 to
w/2 rad, and the azimuthal angle ¢ (in the x-y plane) varies from 0 to 27
rad. With these variations, we account for all molecules impinging upon
the aperture.
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dN(6,4) = [(N/V)][su cos(8)dt]

X [ flu)u?sin(6)dO do du]. (12)

The middle factor is the cylinder volume, and the last fac-
tor is the fraction of molecules with the specified velocities.
The number of molecules with speeds in the interval
u;<u<u,, making angles & and ¢, and approaching the
opening in time 4t is obtained by integrating over  from 0
to 7/2, ¢ from 0 to 27, and u from u, to u,, giving

dN(u<u<u,) = [insu,, (1) ]
X [R(uy,T) — R(u,,T)1dt, (13)
where
n=N/V, (14)
and
R(x,D=1— (1 + mx*/2kT)
Xexp( — mx*/2kT). (15)

In the traditional treatment of effusion at temperature 7,
molecules of all speeds go through the small opening; i.e.,
uy=0 and w#,»w. Using the identities,
lim,_,R(u,T) =0and lim,_ _ R(u,T) = 1, we get

dN dN(0<u< o) 1
- == nsu (D), 16
( dt )eff dt 4 Sttay (1) (16)

the standard result for nonselective effusion.’®
It follows from Eqgs. (13)-(16) and our selection crite-
ria, O<u, <PBu,(Ty) and au, (T, ) <uy < «, that

‘”VA=(£V£) R(Bu,(T,),T,), (17)

dt dt eft

and

dNg, (dNBA)

B4 _ (24 1—R T.),T)1. 18
7 at e‘f[ (au,( ) B)] (18)

Let At represent the expected time for the demon to
make a pair of consecutive transfers of qualifying mole-
cules—one from B to A and the other from 4 to B;i.e.,

dNg,\ ! dN,;\ !
Az:(—d;i) ANBA+( d;“’) AN,  (19)

with AN, = AN,z = 1.

Similarly, we calculate the average kinetic energies
dK p(0<u,<PBu,(Tp)) and dKzlau, (T,)<up<w)
transferred from 4 to Band B to 4, respectively. Referring
to Fig. 1, a straightforward analysis gives ™

dK (u,<u<u,) = (nmsm/32) [u,, (1) ]°
X [Q(u29T) - Q(ulyT)]dt, (20)

where
Q(x,7)=2R(x,T)
— (mx2/2kT)’exp( — mx*/2kT). 10

Therefore,
dKAB nimwsm 3
4B T
a3 (Tl
X[Q(OyTA) _Q(Bur(TB)!TA)]’ (22)

and
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dKp,  nasm

3
dt 32 [uav(TB)]
X [Qlau,(T,),T) — Q0,T5)]. (23)
Note that o0,7,)=0 and O(0,Tg)

=lim, Q(u,Tp) =2.
The average net KE transfer for an 4 — B pair followed
by a B— A pair is

—1
s~ () () o

dK,,B) (dNAB ) -1
_ ZAB ) AN, 24
( dt dt 4B (24)

with AN, = AN,z = 1. If the molecules possess average
energiese, (T,) and e, (T ) associated with internal rota-
tion and/or vibration, then the average total energy trans-
fer AE per pair of molecules is

AE=AK — [e,(T,) —ep(Tp)]<AK. (25)

Finally, the average rate of energy transfer—i.e., the
average power—P,(Ty,T,) is

Pd(TB,TA)EE, (26)
At

with Az and AE given by Eqs. (19) and (25), respectively.

Table I. Energy transfer rate P, (7,7, ) in nW, across the aperture, as a
function of the speed-selection parameters, a and S, for three chamber
temperature combinations: (a) T, = 7, = 300K; (b) T, = 345K and
Ty =255K;(c) T, =390Kand T, =210K.?

(@) T, =T, =300K

B

a 0.85 1.00 1.15 1.30

0.85 0.47 0.55 0.56 0.53

1.00 0.51 0.59 0.62 0.60

1.15 0.54 0.62 0.64 0.63

1.30 0.54 0.60 0.61 0.60

(b T,=345Kand T, =255K

B

a 0.85 1.00 1.15 1.30

0.85 0.27 0.33 0.34 0.31

1.00 0.31 0.36 0.38 0.37

1.15 0.32 0.37 0.38 0.37

1.30 0.29 0.32 0.33 0.32

(¢)T,=39Kand T, =210K

B

a 0.85 1.00 1.15 1.30

0.85 0.14 0.17 0.18 0.16

1.00 0.16 0.19 0.20 0.19

1.15 0.16 0.18 0.18 0.17

1.30 0.12 0.12 0.12 0.12

*Assumes a diatomic gas of molecular weight =29; number den-
sity = 2.4 X 10?° molecules/m?,; initial temperature T, = 300 K and at-
mospheric pressure in both chambers; T, + T, = 2T, = 600 K at all
times; and opening area s = 1< 10~ '® m%. Rotational degrees of freedom
are assumed to be fully excited; i.e., e,(T;) = kT, for i = 4,B.
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Table IL Rate of energy transfer P,(T,,T,) in nW, across the aperture,
as a function of temperature difference (T, — T ) between chambers,
and of the speed selection parameter, g=a = f8, which determines the
limiting selection speeds, qu, (T, ) and qu,(T).*

T,—-Ty g=0.85 g=1 g=115 g=1.30

0 0.47 0.59 0.64 0.60

30 0.40 0.51 0.55 0.50

60 0.33 0.43 0.46 0.40

90 0.27 0.36 0.38 0.32

120 0.22 0.30 0.31 0.24
150 0.18 0.24 0.24 0.17
180 0.14 0.19 0.18 0.12
210 0.11 0.15 0.13 0.07

2 Assumes the same gas properties and initial conditions as in Table I; see
footnote therein.

IV. LIMITS IMPOSED BY KINETIC THEORY

Numerical results obtained by applying the formalism in
Sec. I1I to atmospheric air, initially at room temperature,
are shown in Table 1. Apparently, for any pair (7,7,),
the demon’s power is maximized by choosing & =8~ 1.00-
1.15. Because s = 1 X 10~ '® m? is (approximately) the lar-
gest permissible aperture area, our power estimates are all

upper bounds. The maximum, 0.64 nW, of this set of power
upper bounds occurs when the chamber temperatures are
equal and a =~f=1.15. ‘
Table II illustrates energy transfer rates for the special
casesa = B=q = 0.85,1.00, 1.15,and 1.30, with T, — T,
ranging from 0 to 210 K. For (7, — Ty) <120 K,
P(Ty,T,) peaks for a = B=~1.15. This implies au,(T)
~(4kT /m)"'?, for both T= T, and T = T. For larger
(T, — Ty), the peak energy transfer occurs fora = =1,
which is essentially Maxwell’s speed-selection criterion.’
Tables I and Il indicate that for any given pair (a,3), the
power is a decreasing function of the temperature differ-
ence (7, — T ). An analysis of typical times and energy
transfers for molecular selections are a function of the tem-
perature difference across the separating partition shows
why. Table I1I contains these values fora = f = 1.15. The
times spent by the demon on each qualifying molecule are
about 6-9 ps when both chambers are at temperature 300
K. The corresponding times are 12-52 ps when the

chamber temperatures are 405 and 195 K. The total pair-
transfer times range from about 14 to 64 ps.

On the other hand, the average energy of molecular
transfers is relatively insensitive to the temperature differ-
ence between chambers, being 8.6-8.9 X 10~° pJ for 4 —~ B
transfers, and 17.0-17.9 X 10~° pJ for B— A transfers. The
net energy flow for a pair transfer varies only from 8.1-
9.3 10~? pJ. Therefore, as the difference between the
chamber temperatures grows, the concomitant increases in
the times it takes find qualifying molecules dominate over
variations in the energies of the transferred molecules.

Recall that our numerical results show that for
atmospheric air, and operation using selective effusion, the
maximum rate of energy transfer achievable by the demon
is ~0.64 nW. For room-sized chambers of atmospheric air,
each with volume 100 m? and temperature 300 K, the num-
ber N of molecules in each chamber, ~2.4 X 10??, and the
corresponding heat capacity of each chamber is 5Nk /
2~8.3X%10* J/K. A change in each chamber’s tempera-
ture by 1 K requires a net energy transfer of 8.3 10%J. Ata
rate of 0.64 nW, this would take ~ 1.3 10" s or roughly
4% 10° years! :

V. THE HEISENBERG UNCERTAINTY
PRINCIPLE REVISITED

We now return to considerations of the time—energy un-
certainty principle. Specifically, we investigate how well a
Maxwell’s demon satisfies the condition, 6E,,, 8¢,
>h /47 =5.3X1072%J 5. Here, 6E,,, and 8t,,, (where m,
n = A, Bor B, A) represent the uncertainties, respectively,
in the energy, dE,,,,/dN,,,, of a transferred molecule, and
in the time at which it just crosses the aperture. In order for
the demon to operate effectively, the uncertainty in any
molecule’s energy must be less than its KE; ie., 6E,,
<dK,,./dN,, <dE,, /dN,,. Similarly, the uncertainty
in the time at which the molecule passes through the aper-
ture must be less than the demon’s total processing time;
ie., ot,, <dt,, /dN,,,.

For example, suppose dE,,,/dN,,, > 10 8E,,, anddt,,,/
dN,,, > 10 6t,,,. These inequalities imply that (AE At),,,,
=(dE,,,/dN,,,)(dt,,/dN,,)>53x10"Js. Table IV
shows numerical values for the latter product for m,n

= A,B and m,n = B,4 when a = . For A— B transfers,
the product ranges from about 4 X 10~32-3 X 103! J s; for
B A transfers, the range is about 6-1100X 10732 J s, In

Table III. Times, energies, and energy rates for 4 — Band B— 4 transfers across the opening using the speed-selection parameter g=a = = 1.15.

T,—T, dt/dN,  dt/dN,, At dE/dt  dE,/dt  dE,;/dN,; dE,,/dNs, AE P(T,T,)

(X) (ps) (ps) (ps) (aW) (aW) (10=°pJ)  (10™°pl)  (10~°pI) (nW)
0 5.9 8.5 14.5 1.4 2.1 8.6 17.9 9.3 0.64

30 6.4 10.1 16.5 1.4 1.8 8.7 17.7 9.0 0.55
60 6.9 12.2 19.1 1.3 1.4 8.8 17.6 ) 8.8 0.46
90 7.6 15.1 2.7 12 12 8.8 17.4 8.6 0.38
120 8.4 19.3 27.7 1.1 0.9 8.8 17.3 8.5 031
150 9.4 25.6 350 0.9 0.7 8.8 17.2 8.4 0.24
180 10.6 35.6 46.2 0.8 0.5 8.9 17.1 8.2 0.18
210 12.2 52.3 64.4 0.7 0.3 8.8 17.0 8.1 0.13

® Assumes the same gas properties and initial conditions as in Table I; see footnote therein.
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