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Two approaches toward a high-efficiency flashing ratchet
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For a flashing ratchet with periodic potentials fluctuating via random shifts of one-half period, a high
efficiency is shown to result from two mechanisms. The previously reportedYoné\. Makhnovskiiet al.,
Phys. Rev. E69, 021102(2004); V. M. Rozenbaum, JETP Lett79, 388 (2004)] is realized in the near-
equilibrium region and implies, first, the presence of a high bakfgblocking the reverse movement of a
Brownian particle and, second, identical, though energy-shifted, portions of the asymmetric flat potential
profile on both half periods. We report another mechanism acting far from equilibrium, typical of strongly
asymmetric potentials which are shaped identically on both half periods with a large energetit\shifie
two mechanisms exhibit radically different limiting behavior of the maximum possible efficiengy: 1
—exp(—BVy/ 2) for the former andy,,~ 1-In(2BAV)/ BAV for the latter(B being the reciprocal temperature in
energy units The flux and the efficiency for a Brownian motor with a piecewise-linear potential are calculated
using the transfer matrix method; an exact analytical solution can thus be obtained for an extremely asymmet-
ric sawtooth potential, the simplest example of the second high-efficiency mechanism. As demonstrated, the
mechanisms considered are also characteristic of a two-well periodic potential treated in terms of the kinetic
approach.
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I. INTRODUCTION barriers[11] [see Fig. 18)]. On switching between the po-

Great recent interest in the mechanisms of high-efficiencyentials, a Brownian particle effects the transitions between
energy conversion in living objects has given rise to a diverthe small vicinities of the potential well minima. The second
sity of models, the favorite being tHlashing ratchet modgl  example admits an arbitrarily shaped flat portion of the po-
or flashing potential modebf a Brownian motof1-8]. This  tential on the half period. At the same time, jump changes of
approach implies that a Brownian particle moves unidirecthe potential can occur at the half-period boundaries and one
tionally in an asymmetric periodic potential which is as- of the jumps can comprise, by virtue of a certain limiting
sumed to fluctuate by means of rand¢on regulaj shifts by  transition, a high and narrow barrigt2] [see Fig. 1b)]. In
half a periodL with the frequencyy [9-12]. Fluctuations of either instance, any switcfshift) of the potential results in
this kind can be caused by an external cyclic process genefovement of the particle to the right within a period @ue
ating the potential profile, such as an external signal or ao the establishment of quasiequilibrium on &-1®ng por-
far-from-equilibrium chemical reaction resulting in a confor- tion of the asymmetric potential. It is additionally assumed
mational change of the particle or of the trd@13-18. Itis  that the average time between the potential switches is insuf-
just the fluctuations that are responsible for high efficiency oficiently long for the particle to surmount the high barriers
the motor, provided certain additional conditions are im-ge arating the potential periods. Individual rightward dis-
posed on the potential shape. These are, first, the presencefiicements of the particle are summed up into a stationary
a barrier blocking the backward motion of a Brownian par-flux directed to the right due to the potential shifts occurring
ticle on each period of the potential prof{el,12 and, sec-  at |arger intervals than the average time needed for the es-
ond, the same potential shape, with a certain energy shift, ogyplishment of quasiequilibrium in each potential. The sta-
bOth half pel’ioddthis iS a prerequisite fOI’ m|n|m|Z|ng en- tionary ﬂuxJ is proportional to the frequency of the po_
ergy losses arising from the potential fluctuatiphE2]. At tential switches and generally approaches zerp-ats, i.e.,
first glance it would seem that the two conditions cannot quhen between the potentia| Switches the partic'e cannot
met at the same time. The fOllOWing two instances, hOWeVerFeach quasiequi”brium, which is necessary for the elemen-
demonstrate their simultaneous realization, though Wwithary acts of rightward displacements to occur. Importantly,
some reservations having no effect on the final result, thgjirected motion of a Brownian particle persists even in the
high efficiency. case that an external forde acts against the flux formed

The first example represents a two-well periodic potentialthough it is evident that at a certain value Bfthe flux J
with narrow wells, half a period apart, and separated by highyanishez The motor thus performs the useful wow,,,

=2LJF in a unit time, against the forcé. The powerW,,

expended for this work is drawn from the potential-switching
*Email address: vrozen@mail.kar.net process and is proportional to the switching frequencyhe
"Email address: tsong@chbs.umn.edu motor efficiency is expressed ags= W,/ Wi,.
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the directed movement of the partidl&]. Hence an avenue

to increased motor efficiency arises. The potential switches
are conveniently treated as repeated shifts of the same poten-
tial by half a period. With a two-well potential thus consid-
ered, the motor has the best operating characterist&s It

was stated in Ref[10] that high efficiency in a sawtooth
potential is reached provided a Brownian particle switches
only between the restricted areas of two half-period-shifted
potential counterparts, namely, between the narrow vicinities
of the potential minima. The question of whether a high-
efficiency motor is possible outside of this regime remained
open. Further, it was proved that such shiftwitches of the
extremely asymmetric sawtooth potential give rise to a rather
small maximum valuey,, of the function#(F) both for low
frequenciesy (when 7, v) and for high frequencieevhen

7™y Y2 [12]. It was still unclear whether the maximum of
the function,(y) can tend to unity.

One of the main inferences of the present work is that the
maximum efficiency can approach unity by the expression
7m— 1—IN(2BAV)/ BAV at BAV> 1, where AV is the am-
plitude of the extremely asymmetric sawtooth potential and
B=(kgT)™! is the reciprocal temperaturéxg is the Boltz-
mann constant andl is the absolute temperaturé his result
was obtained using the transfer matrix meth@kec. 1)
which enables an arbitrary potential profile to be considered
as a set of small portions described by linear functions. The
main characteristics of the motor operating at the expense of
the sawtooth potential shifting fluctuations are calculated as
functions of many parameters, such as the load fércthe
shifting frequencyy, the amplitude 4V, and the potential
asymmetryl (Sec. Ill). The best motor is the one with an
extremely asymmetric sawtooth potential; its flux and effi-
ciency can be derived analytically. The limiting behavior
shifting by half a period. with frequencyy and by the external found for the efficiency shqws drastic_dist_in(‘jtions from that
field of the load forceF. (a) A two-well potential profile with the in the case when an addltlonal barrier IS |nvol\{ed which
wells spaced at a half period and separated by high baftigtstp) ~ Plocks the backward motion of the Brownian particle. Con-
Each potentia| Comprises a h|gh barﬁ&fin the narrow regioﬂol Sideration Of thIS effeC'[ |eadS us a.Way from the treatment Of
Both half periodsL contain the same flat portion(x) with the  specifically shaped potentials to a more general problem, de-
energy shiftAV. Periodicity of the function/*(x) is realized via its ~ sign of high-efficiency Brownian motors using certain struc-

jumps. (The potential curves and boundary points on them are intural elements of the potential profil&ec. I\).
dicated with reference to the straight life [12].)

U@

FIG. 1. The potential&/*(x) =V*(x)+Fx that are contributed by
the asymmetric periodic component8(x)=V*(x+2L)=V*(x+L)

Until recently most attention was concentrated on the
sawtooth potential, which is simple enough for modeling Il. TRANSFER MATRIX METHOD
purposes and characterized by a minimum number of varied
parameters, viz., the amplitude and the asymmetry param- The dynamics of Brownian particle motion in the poten-
eter. Due to its linear shape, the differential equations actials U*(x)=V*(x)+Fx [the superscripts “+” and “~" denote
counting for the diffusion and the drift of a Brownian particle the potentials with half-period-shifted componeMs) and
admit analytical solutions because their coefficients are conne relevant quantitidsare determined by two distribution
stants. The previous treatment concerned the fluctuations @finctions p*(x,t) which obey the Smoluchowski equation
such a potential between two states differing only in its amy,q) yith an additional term accounting for the random tran-

plitude[1]. If the potent|a| IS absent qompletely n one of the sitions of a particle between the potenti&l¥ with the fre-
states, such a state implies pure diffusion motion of a par:

ticle; as a result, the maximum efficiency valug,~ 0.05, is quencyy.

rather small[6,19]. If the potential switches between two

states, with their spatial periods equal and their extrema . Y

shifted relative to each other to a certain degree, Brownian Ip~(%, - _ 9~ (1) — A pr(xt) = p~ (%, )] (1)
motion provides no contribution at all to the generation of at IxX ' T
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FIG. 2. (a) Linear potentials mutually switching with the fre-
guencyy on the intervalx;,x;+1). (b) Switching sawtooth potentials
on a half-period interval.

The fluxesj*(x,t) are given here by the expression

+ (9 +
j*(x.t)=-De PV (X)g([eﬁU Mp*(x,0] 2
whereD is the diffusion coefficient. In the stationary state,
the total fluxJ=j*(x)+j~(x) is constant. It specifies the use-
ful work W,;=2FLJ done by the motor against a load force

F in unit time. The energy expended for switching the po-

tentialsU*— U~ — U™* in unit time can be written as follows
[11,12,19;
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the problem statemertsee, e.g., Ref§7,10] and the litera-
ture therein. In what follows, we apply the definitioii3)
because it has a natural relation to the model considered and
requires no additional assumptions about the source of the
input energy.

The main characteristics of a Brownian motor are conve-
niently calculated using so-called transfer matridés;,
—¥;) describing the transitions between the state vedo:$

and £(x;,1),

%(Xi+1) = :|—(Xi+1 - Xi)%(xi), (4
which are defined as
p*(x) = p(x)
3 = p (X)+p(X) 5)

-[I"(¥) -~ (x1/D
-J/ID
If the period of functiond/*(x) is partitioned into sufficiently
small portions, the potentiald*(x)=V*(x)+Fx can be re-
garded as linear functions within each portioq,x,,) [see
Fig. 2@]:
VE(X) + Fx=VE(x) + f.i(x = X),

foi=F+ [V (%) = V)V (X1 = %) (6)

Then the system of equatioi(¥), (2) is equivalent to a dif-
ferential equation of first order in the vector stdt®):

-(fy+f)2 -(f,-f)/2 1 0

d~ . L[ -(f-f2 —(f+f)/2 0 1
dx&(X)—eS(X), €= % 0 0ol

0 0 00

)

wherey=1vy/D. [From here on, we assume, for conciseness,

B=(kgT)™*=1 and omit the subscriptfrom the symbolf,,

wherever this shorthand notation is unambiguptliee solu-
tion for £(x) can be written in the following form:

2L Arexp(\1X)
W=7y V)=V (0Ip (0 -p"0dx.  (3) I = )
0 fx)=C , (8
Azexp(h3Xx)
These relations govern the motor efficiengy W,/ W,,. We Aexp\sX)
point out that there are a variety of alternative ways to define R
the input energyand, hence, the efficiencylepending on  with the matrixC specified as
|
0 Y HE+ NN, PR (PR )W Y HE A+ NNy
col 2 27V AN 257N A ANs 25T (A AN ©
f+ -1 2(f+ + )\2) 2(f+ + )\3) 2(f+ + )\4)
fo+f_ 0 0 0
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andA; (i=1, 2, 3, 4 denoting arbitrary coefficients; are the
eigenvalues of the matri, with A\;=0 and the other ones
satisfying the equation

N+ (f+ TN+ (Ffo— 29N =Hf, +f)=0. (10

To calculate the transfer matrix, the coefficieA{sare con-
veniently expressed in terms of the vect®):

4

A =2 (CY;40). (12)
=1

Then we use the transfer matr‘iS(x) to go from the vector

£0) to &x):

EX) =TXEO), T()=CEXC™, E;(x)=exp\x)s;.

(12)

If the period 2. of the functionsV*(x) containsN intervals
(X, %+1), then, by virtue of the boundary conditi(ff(ZL)
=&(0), we arrive at

[1-T(2L=xy-0) - T04e =) -+ TOx)JE(0) = 0.
(13

The bracketed matrix has a determinant equal to zero due
the fact that the full fluxJ (the componeng,) is the same on
each interval(x;,x;.1). Hence the system of equatiofik3)

has a nontrivial solutior&(O) which is defined to an arbitrary
constant calculable from the normalization condition

N-1 X+1
>
i=0

&(x)dx=1.

X

2
[p+(X) + p-(x)Jdx= (14)
0

Here we sek,=0 andxy=2L, and also assume th&f(x) on
the interval(x;,x;,1) is related to&(0) as follows:

&) =T(X=x)T(x = Xi-1) - - T(x)€(0). (15
The matricesT(x—x;) enable straightforward integration on
account of their simple exponentialdependencgsee Eq.
(12)]. The sqution%(O) gives the desired fluxd=-D¢&,(0)
and allows, with regard to Eg&3), (6), and(15), calculation
of the energy expended:

N-1

2 V() = V00 [&0640) = 3(%)]

wo=-2
in 2i=0

Xi+1

= Xi) &3(Xi1) — §3(x)dx} .

X

N-1
D
- EE (f+,i - f—,i)l(xi+1
i=0

(16)

It is notable that the developed calculation strategy is sig-

nificantly simplified atf,=f_=f. Then the roots of the cubic
equation(10) can be written in a concise analytical form:
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1 =
)\Zz_f, )\3‘4:_§(fiA), A= V‘f2+g’~)‘/, (17)

and the nonzero matrix elemenif&) (12) become

T113dX) = [+ f sinh(xA/2)/A + coshixA/2) Jexp(— fx/2),
T13(X) =[2 sinh(xA/2)/Alexp(— fx/2),
T51(X) = [4y sinh(xA/2)/Alexp(— x/2),

Tox(X) = exp— fX), TouX) =[1—exg—fx)[/f, Tux)=1.

(18

With expression(16), the contributions toA,, from the in-
tervals (x;,x;,;) are proportional to the energy shift*(x;)
_V_(Xi) if f+,i=f—,i'

Ill. SAWTOOTH POTENTIALS SHIFTED BY HALF A
PERIOD

Consider the sawtooth potentialé®(x) shown in Fig.
2(b). By virtue of the equalitpv*(x+L)=V*(x), the consid-
eration can be restricted to the regith,L) which is parti-
tioned into two portiong0,l) and(I,L). On each interval,
1Ige potentials are written as linear functioi®s, the bound-
ary condition(13) within a half period assuming the form

)’ A:<_01 (1)>

g
(19
[Here we invoke the identitﬁ(L)=|§€%(O).] On the interval
(I,L), the following conditions are valid:

[R-T(L-D)T(H]&0)=0, R= (0 0

0 o

f,=f_=f=F-AVIL,
VH(X) =V (X) + AV,

V7 (x) = AV(L = x)/L,
(20)

and the corresponding transfer matrix is representable ana-
lytically [see Eq.(18)]. On the interval(0,l), the quantities
f_andV~(x) are given by the same relatiof0), whereas

V(%) =[AV(2L - D/IL]X,
(21)

f,=F+AV(2L-)/IL,

and the corresponding transfer matrix is only numerically
calculable.

The main motor characteristics are expressible analyti-
cally for an extremely asymmetric sawtooth potentiall at
—0. In this case, taking into account the equalitjéd)
=j*(0)=j*(L) andp*(0)=p* (L), and also the boundary con-
ditions for the jumpp*(x) and continuityp™(x) at the point
x=0,

p*(0) =eVp*(l), | -0,

p (0)=p"(1), (22)

the transfer matrix on the intervéd,l) is written as
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to

?(l):(o 1)’ [

Thus, the transfer matrices on both intervals are obtained i
the analytical representation, which enables us, with som
cumbersome transformations, to arrive at

DA FL f

1

2

i=

)

A

J=e———— p=-—— ~ (24
22Z,B-2,A) " AV1-e ' 2ysinhAV 24
where
A=Ve*V(eFlcoshAV - 1) + ¥ (et - coshAV),
B=e " (Wye*VcoshAV + W),
— 4 H I”F — 1 —fL
Z,= ?sm (fL/2), Z,= ?(fL +e'--1),
Wy, = —ilexpfLI2)
OL™ 2 sinhLA/2 B

+cosHLA/2)]A + f sinhLA/2}, (25)

Figure 3 demonstrates the dependences of theJflard
the efficiencyzn on the load forcd=; they were calculated by
relationships(24) and (25) with different values of the pa-
rametersyL? and BAV. As seen, the Brownian motor under

consideration, like a motor of any kind, exhibits a monotonic

decrease id with rising F and a nonmonotonic behavior of
7n(F). For an extremely asymmetric sawtooth potentiaFat
=0, the fluxJ monotonically increases with the frequengy
and reaches saturatidia certain nonzero vallieat y— oo
[see the solid line in Fig.(@)]. The asymptotic behavior of
this dependence is described by the following expressions:

vSinhAV - AV
L y>rmaveav
y—02 1+coshAV '’

D AV?sinhAV/2)

J— — :
y—2L2 AV sinh(AV/2) + 2 cosliAV/2).

(26)

For both asymptotics, the flux is proportional (BAV)?® at
BAV<1. With BAV>1 and low frequenciey of the poten-
tial switching, we obtaird— /2, that is, the Brownian par-
ticle travels, on the average, the distaricén the time y™*
(the average velocity is given by the produtt]? Likewise,
the physical meaning is apparent for the relationshig 2
— (BD)(AV/L) at BAV>1 and large values of: the aver-
age velocity is equal to the ratio of the for¢&V/L) to the
friction coefficient(BD)™L.

A nonzero asymptotic of the flux at— oo arises from a
jump change of the potenti@l2]. For a sawtooth potential
with a nonzero value of the parametea well-known gen-
eral regularity holds which implies that—0 at y— o [7]
[see also the dependences indicated by the dashed lines

Fig. 4(a) which were calculated numerically using the above-

described transfer matrix formaligmThus, they depen-
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0.1
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JLZD

(b)

BFL

FIG. 3. The fluxJ (solid lines, the left axisand the efficiencyy
(dashed lines, the right ayiversus the load forc& for an ex-
tremely asymmetric sawtooth potential at varied value$idt (in-
dicated on the curvésand constant values of the paramegV
=3 (a) and 15(b). The dependences are calculated by E24). and
(25).

of I. The maximum of the functiod(y) also decreases with
an increase ith (see the solid line in Fig.)5

It is noteworthy that the frequency dependence of the ef-
ficiency is nonmonotoni¢see Fig. 3, which was pointed out
previously[12] for a variety of potential profiles. The de-
pendences of the functionp(F) maxima are shown in Fig.
4(b). The largest values of the efficiency are attained for an
extremely asymmetric sawtooth potentisée the solid ling
The functions,,(y) is proportional toy at y— 0 and toy /2
at y—o [12]. For instance, afAV<1 the corresponding
asymptotics takes the form

7mly) = {

The efficiency is reduced with decreasing asymmetry, i.e.,
with rising parametel (see the dashed line#As a function

of two variablesF and vy, the efficiencyzn has its maximum
values dependent only upon the asymmetry paramiéter
and the parametg®AV accounting for the ratio of the poten-
tial amplitude to temperature. The corresponding depen-

(BAV)*31.%/288,
(BAV)H(32V23L), y— .

— 0,
7 27

dence of] becomes nonmonotonic; the flux is weaker and itdences for potentials of varied asymmetry appear as in Figs.
vanishes faster with rising frequency the larger are the values and 6. Thus, it is an extremely asymmetric potential
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FIG. 5. The maximund,, of the functionJ(F=0,7) (solid lines,

0.8 the left axis and the maximumy,, of the function#(F,y) (dashed
lines, the right axisversus the asymmetry parametét at BAV

=15. The dependences are calculated numerically by the transfer
06} I= matrix method(see Sec. )l

Tm

_ [1-2pn+ Dexp- (Pm)]2

04} N = ,
T 1+ 2eh - 2exp- on)
+ l)exp(— 1
sl (@m s Jexpl— em) . Tz olexd— on).
1+2pp—2)exp—¢n) 24V
1/L=0.2
o | o | | ‘ | (30)
-3 -2 -1 0 1 2 3 In the limit AV —cc, we arrive at
(b) Logso 7L %D In 2AV
Tm—1l————, ¢on— IN2AV,
FIG. 4. The fluxJ at F=0 (a) and the maximumy,, of the AV
function 7(F) (b) versus the potential switching frequengyfor In 2AV D
potentials of varied asymmetry @#AV=15. The dependences for | QI A JomIm) — Efm. (3D

the extremely asymmetric sawtooth potential a0 are calculated

by Eqgs.(24) and(25) and represented by the solid lines. The samey; 5 readily seen that all inequalitie@8) are satisfied by
dependences for the potential with the varied asymmetry paramet?’élations(Sl), so that the starting prerequisites to the deriva-
I/L are calculated numerically using the transfer matrix methodtiOn of the asymptoti€29) prove to be adequate. Note that
sglsu?sbﬁ%i':afezchga?':gerrﬁpresemed by the dashed lines|Mith i, the efficiency tending to unity, the corresponding flux
' (and hence the useful woll/,,,) tends to zero. On the other
) o hand, a large flux is realized at a low efficiency. These trends
that provides the best characteristics among the sawtoolye typical of any motor: the maximum values \f,,; and

potentials. . . 7m NEVEr occur simultaneously.
As the parameteAV increaseqor the temperaturd is

lowered, the blocking effect of the barrier on the backward
flux is enhanced and the efficiency grows as shown in Fig. 6.
It is therefore appropriate to analyze the maximum possible Two conditions were formulated previousft2] for a
values of the efficiency starting from the limiting behavior of high efficiency of the flashing ratchet with periodic poten-
relations(24) and(25) at BAV>1. Assume that the follow- tials fluctuating by means of random shifts by half a period:
ing inequalities can be met simultaneously: “First, a high narrow barrie¥, exists that blocks the reverse
flux. Second, a smooth potential profile of an arbitrary shape
AV> p=AV-FL>1, I'=3%<e. (28) is repeated with the energy shiftV on both half periods
of the function V*(x).” With these conditions met, the
Then we have maximum possible efficiency is estimated ag,~1
) ) —exp—BVy/2). Here we analyze their applicability to the
e, I) = (1 - ¢/AV)[1 - 2¢ exp- ¢) = 2['¢% = 2¢ model developed in the present work.
xexp(— 2¢)T7]. (29) The equally inclined f,=f_) piecewise-linear portions of
the switching potentialé)J* can be regarded as identically
The maximumy,, of the function of two variables;(¢,I), shaped ones. They can be shifted relative to each other only
and the condition for its occurrence are written as follows: by a fixed energy value. It is for such portions of the poten-

IV. DISCUSSION AND CONCLUSIONS
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1/L=0.1
02}
0 il
5 s ™ 15 0 10 20 30
2u

BAV

FIG. 7. The maximum efficiencyy,, versus the well depth dif-
ference 2 of a two-well potential for a constant barrier height
differenceV-v=9, and in the case when the potential profile is
shaped identically on both half periods with the energy stiftv
=2u. The dependences exactly calculated by B8) are shown by
e solid lines. The asymptotics mentioned in the text and calculated
by Egs.(33) and(34) are represented by the dashed lines.

FIG. 6. The maximumy,, of the function z(F,y) versus the
parametelBAV for potentials of varied asymmetry. The extremely
asymmetric sawtooth potential &0 is represented by the solid
lines. The values of the asymmetry paramétéerare indicated near
the dashed lines. The dependences are calculated and depicted a
Fig. 4.

tial that transfer matrice€l8) are representable analytically.
In the case of the sawtooth potential, a portion of this kind isesnough, the dimensionless parametiy/ y)exp(-v) [with
represented by the interval L). At | —0, the transfer matrix  g=(k;T)"2=1] can be neglected and the previously pub-
of the interval (0,1) also has the analytical representation|ished formula for efficiencysee Eq.(21) in Ref. [11]] is
(23), which enables the exact analytical soluti@4) to be  (ewritten as
obtained. Thus, the possibility to analytically describe an ex-
tremely asymmetric sawtooth potential is attributed to the f sinh(u - f) — € V*’sinh(u + f)
fact that it is shaped identically with a certain energy shift n(f) = Gsinr(u— f) + e V*osinh(u + f)’ (32
AV on both half periods. A numerical analysis with finite
# 0 reveals a deterioration of the main motor characteristicsvheref=FL/2.
in accordance with the second criterion for the maximum Figure 7 presents the maximumg, of the function 7(f)
efficiency[12]. The sawtooth potential involved here has noplotted versus @ in two cases. The first implies a constant
additional barrielVy and hence the first condition cannot be differenceV—v. As the parameteu rises, the system moves
satisfied from the formal point of view. At the same time, theaway from equilibrium and the value of,, decreases as
parameterAV of an extremely asymmetric sawtooth poten-
tial plays a twofold part: as the value &V increases, the 7m=~1-4exg-(V-v)/2)(1+u¥3), V-v>1, u<l,
system moves away from equilibriufwhere the flux van- (33
isheg and a potential barrier arises which blocks the back-
ward flux. On the one hand, efficiency is known to be re-Note that both half periods of the asymmetric potential pro-
duced on moving away from equilibriurfl0,11]; on the file include, with an energy shift of . the same portions
other hand, it grows with the degree of blocking of thenear the minima of the potential well. Another attribute of
backward flux. It is the competition of the two trends thatthe potential is a high barrié¥ blocking the backward flux.
governs the efficiency so that the resulting value ,pf  In the second case we assume that the potential ptdfile)
slowly approaches unity roughly following the law on the interval(L,2L) is the same as on the intervid L)
1-In(2BAV)/BAV [in accordance with Eq31)]. but displaced downward by the energy see Fig. 13)].
The question arises of whether such behavior of the effiHence it follows in terms of barrier heights and well depths
ciency is unique for an extremely asymmetric sawtooth pothat V-v=2u. It can be shown that this condition signifi-
tential or is typical of any potentials that are shaped identicantly changes thé dependence of the power expended for
cally with a certain energy shift on both half periods. Forthe potential switches: the functiof,(f) becomes negative
better understanding, it is expedient to invoke the kineticat V—v > 2u for sufficiently largef >u, whereas it is always
description of a flashing ratchet with periodic two-well po- positive atV-v<2u [18]. The latter case most closely re-
tentials as in Fig. () [11]. This approach is advantageous sembles an extremely asymmetric sawtooth potential, and it
because the main trends in the quantities concerned are mastof interest to clarify whether this resemblance extends to
simply expressible in terms of two main parameters of thehe behavior of efficiencies.
potential profile, viz., the difference of the barrier heights, At u<1 we haven,~u?/4, which is at variance with the
V-v, and the difference of the well minimau2The kinetic  trend specified by Eq27) for an extremely asymmetric saw-
description holds good when the potential switching fre-tooth potential; the distinction arises from the possibility of
guency y is small as compared to the intrawell relaxation surmounting a thermally activated barrier in the two-well
frequencyk,. However, if the lower barriers are also high potential. However, the opposite limit> 1, provides
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1+In4u 1 a certain energy. Another route to high efficiency is possible
T ou u-fpn= 5'” 4u, (34) far from equilibrium and typical of strongly asymmetric po-
tentials which are shaped identically on both half periods

. . o with a large energetic shifiV. The two mechanisms consid-
in complete accord with the asymptofi8l) [in view of the red exhibit radically different limiting behavior of the maxi-

correspondence between the parameters of the two models ' . il _
AV=2u and ¢,,=2(u~f )], mum possible efficiency:z,~1-exg-BVy/2) for the

Thus, we arrive at the general inference that two ap—former andsm~1-In(2FAV)/ AV for the latter.

proaches can be invoked to design a high-efficiency flashing
ratchet with periodic potentials fluctuating via random half-
period shifts. The first approach can be realized in the near- The authors thank Dr. M. L. Dekhtyar for her helpful
equilibrium region and implies introduction of a high barrier comments on the manuscript. This work was supported by
V, blocking the reverse motion of a Brownian particle. It is Academia Sinica. V.M.R. gratefully acknowledges the kind
also required that both half periods of the asymmetric potenhospitality received from the Institute of Atomic and Mo-
tial profile include the same flat portions mutually shifted bylecular Sciences.
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