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Abstract

All-optical logic gates with bacteriorhodopsin (bR) protein molecules have been demonstrated based on all-optical switching of a

cw probe laser beam by multiple pulsed pump laser beams due to nonlinear intensity-induced excited-state absorption. A cw probe

laser beam at 640 nm corresponding to the peak absorption of O-state in the bR photocycle is switched by a pulsed pump laser beam

at 570 nm corresponding to the maximum initial B state absorption, at relatively low powers. The switching characteristics have

been used to design all-optical NOT and the universal NOR and NAND logic gates and the effect of various parameters such as

variation in pump pulse width, pump intensity, lifetime of O state and absorption cross-section of the B state at probe wavelength on

the switching characteristics has been analyzed.
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1. Introduction

Recent years have witnessed dramatic progress in

investigating novel nonlinear materials for the design of

all-optical devices for ultrafast high bandwidth com-

munication and computing [1]. Current interest has fo-

cused on the design of all-optical molecular devices that

offer number of advantages of small size and weight,
high intrinsic speed, extremely low propagation delay

and power dissipation and the ability to tailor properties

to suit specific applications [2–4].

The photochromic protein bacteriorhodopsin (bR)

contained in the purple membrane fragments of Halo-

bacterium halobium, has emerged as an excellent mate-

rial for bio-molecular photonic applications due to its

unique advantages [3,4]. It exhibits high quantum effi-
ciency of converting light into a state change, large ab-

sorption cross-section and nonlinearities, robustness to

degeneration by environmental perturbations, high sta-

bility towards photo-degradation and temperature, re-

sponse in the visible spectrum, low production cost,

environmental friendliness, capability to form thin films

in polymers and gels and flexibility to tune its kinetic

and spectral properties by genetic engineering tech-

niques, for device applications [3–7].

By absorbing green–yellow light, the wild type bR

molecule undergoes several structural transformations in

a complex photocycle that generates a number of inter-

mediate states. The main photocycle of bR is as shown in

Fig. 1. After excitation with green–yellow light at 570 nm,

the molecules in the initial B state get transformed into J
state with in about 0.5 ps. The species in the J state ther-

mally transforms in 3 ps into the intermediate K state

which in turn transforms in about 2 ls into the L
state. From the L state bR thermally relaxes to the MI

state within 8 ls and undergoes irreversible transition to
the MII state. The molecules then relax through the N

and O intermediates to the initial B state within about 10

ms. An important feature of all the intermediate states is
their ability to be photo-chemically switched back to the

initial B state by shining light at a wavelength that cor-

responds to the absorption peak of the intermediate in

question. The wavelength in nm of the absorption peak

of each species is shown as a subscript in Fig. 1.

Numerous applications have been proposed for bR.

Its properties of proton pumping [6,7] and photo-elec-

tricity have been used for instance in desalination of
seawater, conversion of sunlight to electricity [8,9], ul-

trafast light detection, chemo- and bio-sensing [10], ar-

tificial retinas [11], photon counters and photo-voltaic
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converters [12]. Its photo-chromic property has resulted

in applications that include pattern recognition systems
[13], information recording, associative and three di-

mensional memories [3,4], holography [14,15], second

harmonic generation [16], saturable absorption, wave

mixing and phase conjugation [17], nonlinear optical

filtering [18], optical bistability [19], mode locking [20],

spatial light modulation [18,21–24], optical image pro-

cessing [25], neural networks [26], incoherent to coherent

conversion [27,28], optical displays [29], optical com-
puting [30], logic gates [31–34], beam deflection [35] and

as a natural efficient photonic crystal [36].

Logic gates are the basic building blocks of digital

computers. These gates (switches) have two stable states

often referred to as logic 0 and logic 1. Computers en-

code information in terms of these two logic states or

bits. For all-optical information processing, light ad-

dressed logic gates are of primary importance. An AND
gate with bR has been proposed using sequential photo-

excitation [31]. All-optical AND and OR logic gates

with bR have been proposed based on a degenerate four

wave mixing geometry [32]. Recently, all-optical logic

gates using bR have also been shown based on com-

plementary suppression-modulated transmission [33,34].

In both these approaches the designs have been based on

a simplified two state model considering the steady state
response that is applicable only when the M state has a

very long lifetime. For digital optical computing we need

to consider a pulsed operation, where time dependent

analysis of all the intermediate states becomes necessary

for an accurate analysis [32,37–39].

In this paper, we present a design of an all-optical

inverter (NOT) and the universal NOR and NAND

logic gates with bR based on all-optical switching of a

cw probe laser beam by pulsed pump beams due to
nonlinear intensity induced excited state absorption [37–

39]. The switching dynamics have been analyzed using

the rate equation approach considering a six state model

of the bR photocycle. The effect of various parameters

such as the pump pulse width, pumping intensity, life

time of O state and absorption cross-section of the B

state at probe wavelength on the switching characteris-

tics has been analyzed.

2. Theoretical model

We introduce a simplified level diagram shown in Fig.

2 to represent the photochemical cycle of bR molecules,

which enables adoption of the simple rate-equation ap-

proach for the population densities in the various in-
termediate states. The J state has been neglected in this

simplified model, since it has an extremely short lifetime

of 3 ps compared to the other states. A single M state

(for both spectroscopically identical MI and MII states)

and forward transitions between different intermediate

states have been considered [40,41].

We consider bR molecules exposed to a light beam of

intensity I 0m, which modulates the population densities
of different states through the excitation and de-excita-

tion processes that can be described by the rate equa-

tions in the following form [2,3,22,42]:

dN

dt
¼ ÔON ð1Þ

where operator ÔO is defined in terms of the photo-

induced and thermal transitions of different levels as
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Fig. 2. Simplified level diagram representing the photochemical cycle

of bR molecule. The solid and dashed arrows have the same meaning

as in Fig. 1.
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Fig. 1. Schematic of the photochemical cycle of bR molecule. Sub-

scripts indicate absorption peaks in nm. Solid and dashed arrows

represent thermal and photo-induced transitions respectively.
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and the transpose of the population vector N is given by

~NN ¼ ðNB;NK;NL;NM;NN;NOÞ ð3Þ
where r and k are the absorption cross-sections and rate
constants respectively of different states denoted by the

respective subscripts, wBK ¼ wKB ¼ 0:64 are the quan-
tum efficiencies for the transitions B! K and K! B

respectively and Im is the photon density flux of the
modulation laser beam i.e. ratio of the intensity I 0m to the
photon energy hm. The typical values of the constants
and absorption cross-sections for various levels at dif-

ferent wavelengths are given in Table 1 [3,4,20,22,24,42].

Assuming optically thin bR samples, the propagation

effects on the modulating light beams can be neglected

in the following analysis. The modulating pump laser

pulses for two input logic gates configurations such that

the four input combinations (0,0), (0,1), (1,0) and (1,1)

in terms of phase differences of their peaks can be con-
sidered, are given by

I 0m1 ¼ I 0m0 exp
��
� c

t � tm1
Dt

� �2�

þ exp
�
� c

t � tm2
Dt

� �2��

and

I 0m2 ¼ I 0m0 exp
��
� c

t � tm3
Dt

� �2�

þ exp
�
� c

t � tm2
Dt

� �2��
ð4Þ

where tm1, tm2 and tm3 are the times at which pulse
maximum occurs, c is the pulse profile parameter and Dt
is the pulse width.

We consider a cw probe laser beam of intensity I 0p
(I 0p � I 0m) at 640 nm corresponding to the absorption

maximum of the intermediate O state. The transmission

of this signal is modulated by ground state absorption of

bR by a pulsed pump laser beam at 570 nm corre-

sponding to its peak absorption and by the excited state

absorption of O state. The absorption spectra of the

intermediate states indicates substantial absorption by
B, K and O states at 640 nm [4,42]. Thus the nonlinear

intensity dependent absorption coefficient ap for the
probe beam is written as

apðImÞ ¼ NBðImÞrBp þ NKðImÞrKp þ NOðImÞrOp ð5Þ
where the subscript p denotes the value at probe wave-

length.

The propagation of the probe beam through the bR

medium is governed by

dIp
dx

¼ �apðImÞIp ð6Þ

where x is the distance in the medium and Ip is the in-
tensity of the probe beam.

3. Results and discussion

The optical switching characteristics, namely the

variation in the normalized transmitted intensity of the
probe laser beam with time have been computed by

solving the rate equations for the intermediate states

through computer simulations using Eqs. (1)–(6) and the

typical values of the rate constants and absorption

cross-sections given in Table 1, with pump pulse width

Dt ¼ 7 ms, film thickness of 30 lm and peak pumping

Table 1

Typical values of rate constants and absorption cross-sections

Rate constant Value (s�1) Absorption

cross-section
Value (cm2)

570 nm 640 nm

rB 2:4	 10�16 0:3	 10�16
kK 5:0	 105 rK 1:8	 10�16 1:4	 10�16
kL 2:0	 104 rL 1:5	 10�16 . . .

kM 1:0	 103 rM 0.0 . . .

kN 3:3	 102 rN 1:7	 10�16 . . .
kO 2:0	 102 rO 1:1	 10�16 2:5	 10�16

ÔO ¼

�ImrBwBK ImrKwKB ImrL ImrM ImrN kO þ ImrO
0 kK �ðkL þ ImrLÞ 0 0 0

ImrBwBK �ðkK þ ImrKwKBÞ 0 0 0 0

0 0 kL �ðkM þ ImrMÞ 0 0

0 0 0 kM �ðkN þ ImrNÞ 0
0 0 0 0 kN �ðkO þ ImrOÞ

0
BBBBBB@

1
CCCCCCA

ð2Þ
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intensity I 0m0 ¼ 20 mW/cm2. This can be achieved with a
1 nW laser focused to a 5 m2 spot size.
The variation of the normalized transmitted output

intensity of a cw probe laser beam at 640 nm and a

pulsed pump laser beam (I 0m1) at 570 nm (I
0
m2 ¼ 0) with

time are shown in Fig. 3(a) and (b) respectively. The

transmitted intensity of the probe beam initially high

(switch on state) due to lower linear absorption is

switched low (switch-off state) when a pulsed laser beam

pumps the sample enhancing the population of the O
state and increasing the absorption of the probe beam.

There is a delay of about 6 ms between the peak of the

input and the minimum in the output due to time taken

by the molecules to populate the O state. Thus the

switching characteristics conform to an all-optical in-

verter (NOT) logic gate.

Variation in the normalized population density of

different intermediate states with time for a single pulse is
as shown in Fig. 4. The pump pulse excites the molecules

from the initial B state sequentially to other intermediate

states, which finally relax to the B state resulting in an

increase in its population. There is no appreciable vari-

ation in the population of the K state in this time scale as

the molecules relax very fast to the L state.

The switching characteristics can be used to design

the universal NOR and NAND logic gates with multiple

pulsed pump laser beams. Considering two pulsed pump

laser beams (I 0m1 and I 0m2) at 570 nm i.e. the two inputs 1
and 2, the output as amplitude modulation of probe

laser beam is as shown in Fig. 5(a)–(d). For the all-

optical NOR logic gate, the output in this case is low
when either one or both the pulses are present and is

high when none of the two pulses is present.

The same configuration can also result in an all-

optical NAND logic gate if we consider a threshold

level as shown by the dashed line in Fig. 5(b). In this

case the output can be considered to be high when either

one or none of the pulses are present and low only when

both the input pulses are present simultaneously.
Variation in the normalized transmission of probe

laser beam with time for different pump pulse width

values is shown in Fig. 6. As the pulse width (Dt) in-
creases, the switching time and percentage modulation

of the probe laser beam increase. The percentage mod-

ulation of the probe beam saturates at large Dt values.
For instance for Dt ¼ 2 ms, the switch off and on time
are 5 and 19 ms respectively, whereas for Dt ¼ 12 ms the
off and on time are 15 and 30 ms respectively. The

percentage modulation for these pulses are 2% and 6%

respectively. The symmetry of the curves expectedly in-

creases for Dt greater than the relaxation time of the
complete bR photocycle, as this conforms to the steady

state case.

The peak pumping intensity required to get the same

percentage modulation increases for smaller Dt values.
To modulate the output of the probe beam by 21%, the

peak pumping intensity required for Dt ¼ 7 ms, 7 ls and
7 ns is 0.8 W/cm2, 0.3 kW/cm2 and 0.2 MW/cm2 re-

spectively.

The effect of variation in peak pumping intensity (I 0m0)
on the switching curves is shown in Fig. 7. As I 0m0 in-
creases, the percentage modulation of the probe laser

beam increases. For instance for I 0m0 ¼ 20 mW/cm2, the
probe laser beam is modulated by 5% while for

 

Fig. 3. All-optical inverter (NOT) logic gate (a) Variation of normal-

ized transmitted intensity of the probe beam at 640 nm with time and

(b) normalized input pulse profile.

Fig. 4. Variation of normalized population density of B, K, L, M, N,

and O states with time. The inset shows a magnified view of the

variation for K, L, M, N and O states.
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I 0m0 ¼ 500 mW/cm2, it is modulated by 20%. At higher
intensity values, the output minima due to single input

pulse becomes closer to that due to the presence of both
input pulses, thereby reducing the difference between the

1 and 0 state for the NAND case. Hence, NAND logic

has to be implemented at relatively lower peak pumping

powers.

The effect of variation in the life time of the inter-

mediate O state on the switching characteristics is as

shown in Fig. 8. As sOð1=kOÞ increases, the switching
time increases as the excited molecules relax back to the

initial B state in a longer time. An increase in sO also
increases the population of the O state, hence resulting
in an increase in the percentage modulation of the probe

laser beam. For sO ¼ 2 ms, the switch off and on time

Fig. 5. All-optical logic signals: (a) optical NOR gate function (b)

optical NAND gate function (dashed line as the threshold level), both

with variation of normalized transmitted intensity of the probe laser

beam at 640 nm with time; (c) and (d) are normalized pulse profiles of

the two inputs 1 and 2.

Fig. 6. Variation of normalized transmitted intensity of the probe

beam at 640 nm with time, for different pump pulse width (Dt) values.

  

Fig. 7. Variation of normalized transmitted intensity of the probe laser

beam at 640 nm with time, for different values of peak pumping in-

tensity (I 0m0).

Fig. 8. Variation of normalized transmitted intensity of the probe laser

beam at 640 nm with time, for different life time values of O state (sO).
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are 7 and 18 ms respectively, whereas for sO ¼ 10 ms,
the off and on time are 12 and 38 ms respectively.

The cross-section value of the initial B state at the

probe wavelength is a very sensitive parameter. Variation

in the normalized transmitted intensity of the probe laser

beam with time for different rBp values with I 0m0 ¼ 500
mW/cm2 is as shown in Fig. 9. As rBp decreases, the
percentage modulation increases drastically, as it results

in an increase in the transmission of the probe beam. For
rBp ¼ 0:3	 10�16 cm2 and 0:1	 10�16 cm2, the trans-
mittance gets modulated by 20% and 57% respectively.

For rBp ¼ 0 initially, the probe beam does not get ab-
sorbed at all and as high as 91% modulation of the probe

beam can be achieved. The probe beam can be com-

pletely switched off (100% modulation) by further in-

creasing the population of O state i.e. increasing sO and
reducing sN, as shown by the dashed line in Fig. 9 for
the same peak pump power (500 mW/cm2) that can be

achieved by a 25 nW laser focused to a 5 lm2 spot size.
The switching time can be reduced by increasing the

relaxation rates of the intermediate states so that the

excitation time from B! O is reduced and also by de-

creasing the thermal relaxation time from O! B. A

decrease in sO results in a decrease in the switching
contrast also. The switching contrast can be enhanced
by reducing the absorption cross-section of the initial B

state at the probe wavelength. The switching time can

also be reduced by considering switching of the probe

beams corresponding to the peak absorption wavelength

of the earlier intermediate states K, L, M or N. The K

state is thermally stable at very low temperatures (below

150 K) and the absorption spectra of K, L and N states

considerably overlaps with that of the B state, thereby
having a large value of rBp for probe beams at the re-
spective maximum absorption wavelengths of K, L and

N states. For even the M state, rBp ¼ 0:5	 10�16 cm2
i.e. at 412 nm corresponding to the peak absorption of

M state, which is larger compared to that for the present
case (rBp ¼ 0:3	 10�16 cm2) at 640 nm for the O state.
Hence the percentage modulation in the present case is

more than that of the other states due to smaller rBp and
larger reverse saturable absorption at probe wavelength.

Several advantages of the proposed design are note-

worthy: (i) the proposed implementation of universal

logic gates can be used to realize other logic gates, (ii) all

the three logic gates can be realized by using the same
configuration by suitably defining the threshold level,

(iii) the inputs and output are in digital form, (iv)

complete switching (100% modulation) between 0 and 1

states can be achieved, and (v) the operation is at rela-

tively low powers. The switching time of these gates with

the typical parameters used for wild type bR is in the ms

range. Since the properties of bR can be tailored by

physical, chemical and genetic engineering techniques,
the switching characteristics and the operation of the

logic gates can be optimized for desired applications.

Since bR can also be processed as a film or in a crys-

talline form for 2D/3D applications, bR based NOT

gate (all-optical switches) would be potentially useful in

applications such as provisioning of light paths in op-

tical cross-connects and add-drop systems in wavelength

division multiplexing optical networks. They can pro-
vide an alternative to the widely required thermo-optic,

MEMS and liquid crystal switches (
ms range). As
large, high-density arrays of these proposed logic gates

can also be fabricated that can operate at very low

switching energies with high thermal stability, they

would be useful in parallel optical computing.

4. Conclusion

We have demonstrated implementation of all-optical

NOT, and the universal NOR and NAND logic gates

with bR based on all-optical switching of a cw probe

laser beam by multiple pulsed laser beams, considering a

six state model of its photocycle. All three logic func-

tions can be implemented in bR with the same config-
uration by adjusting the output threshold level. The

effect of variation in pump pulse width, peak pumping

intensity, life time of the O state and absorption cross-

section of B state at probe wavelength on the switching

characteristics have also been shown. The proposed all-

optical logic gates would be useful due to advantages of

small size, simple and low power operation, small linear

absorption coefficient, mirror-less structure, and flexi-
bility in design.
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