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Abstract:  We experimentally and theoretically investigated the optical 
switching characteristics of bacteriorhodopsin (bR) at λ=633 nm using the 
pump-probe method. A diode-pumped second harmonic YAG laser (λ=532 
nm which is located around the maximum initial Br state absorption) was 
used as a pumping beam and a cw He-Ne laser (λ=633 nm which is around 
the peaks of K and O states) was used as a probe.  Due to the nonlinear 
intensity induced excited state absorption of the K, L, M, N, and O states in 
the bR photocycle, the switching characteristics are sensitive to the intensity 
of the probe and pump beams.  Based on this property, we have 
demonstrated an all-optical device functioning as 11 kinds of variable binary 
all-optical logic gates. 
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1. Introduction 

All-optical molecular devices have been extensively investigated for photonic applications 
such as large capacity information processing and storage due to their compact size and light 
weight [1-3].  The photochromic protein bacteriorhodopsin (bR) is one of the most promising 
candidates for potential applications in biomolecular photonics because of its unique 
properties, such as large optical nonlinearity and good stability towards photodegradation and 
temperature [4,5]. 

Bacteriorhodopsin is a light-harvesting protein found in the purple membrane of 
halobacterium halobium [6].  Without illumination, bR is in its initial Br state exhibiting an 
absorption peak at λ~570 nm.  Upon absorbing photons at λ~ 570 nm, bR molecules promptly 
produce isomerization from all-trans to 13-cis followed by several structural transformations 
corresponding to the intermediate states in a complex photocycle.  It has been commonly 
accepted that after illumination, the molecule in the initial Br state is pumped to J state and then 
thermally relaxes through K, L, M, N and O intermediate states back to the initial Br state, as 
shown in Fig. 1 [7]. With the formation of each intermediate state, the absorption spectrum 
produces obvious shifts, especially the absorption spectrum of the M intermediate state, which 
significantly shifts ~160 nm toward blue with respect to the initial Br state spectrum.  Since M 
is the most stable intermediate state, bR can be viewed as exhibiting a bistability between the 
Br and M states. Various applications have been proposed based on this bistability, including 
optical limiting [8], optical switching [9,10], spatial light modulator (SLM) [11], optical image 
processing [12], and all-optical logic gate, etc [13-16]. 

 

 
 
Fig. 1. Major photocycle of the bR 
molecules. 

 
 
 
 
 

Fig. 2. The operating principles of a double 
binary variable logic gate. 

 
In general, a logic gate is a logic device with two binary inputs A and B (either 0 or 1) and 

its output is also 0 or 1.  The values 0 and 1 represent low and high intensity, respectively.  
Logic gates are usually achieved through a nonlinear device, as shown in Fig. 2. The output is 
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the logic result, determined by the two inputs and the nonlinear functional device.  By 
choosing a suitable nonlinear functional device, different logic operations can be achieved.  

Various types of logic gates using bR film have been proposed.  For instance, an AND 
logic gate has been realized using sequential photo-excitation [13], and the AND and OR logic 
gates have been implemented in a single bR film by the degenerate four wave mixing technique 
[14].  Other all-optical logic gates have been designed with a single bR film based on 
complementary suppression-modulated transmission (CSMT) [15, 16].  Most of the previous 
proposals are based on the simplified Br and M two-state model.  However, bR photocycle is 
a complex process. In some situations the contributions of K, L, N and O intermediate states 
cannot be neglected. These processes may result in interesting phenomena. 

In this paper, we report the optical switching of bR at λ=633 nm using the pump-probe 
method.  Due to the nonlinear effect induced excited state absorption of the K, L, M, N and O 
states in the bR’s photocycle, the switching characteristics are sensitive to the intensity of the 
probe and pump beams.  Based on these properties, we demonstrated an all-optical switching 
device which enables 11 kinds of logic operations.  Our design is simple while exhibiting 
various logic operations in a single device.  The logic operation is achieved by adjusting the 
probe and pump beams intensities.  This approach is particularly useful for integrated optics.  

2. Experiment and results 

Figure 3 shows the experimental arrangement for studying the optical switching behavior using 
a bR film.  A He-Ne laser with λ=633 nm was used as the probing beam and a diode-pumped 
Nd-YAG laser with ~ 1.5 mm diameter at λ=532 nm was used as the pumping beam.  The 
probe beam was focused by lens 1 onto the sample whose diameter is ~ 28 µm. The pump and 
probe beams overlap on the bR film.  In our experiment, the bR film was purchased from 
Munich Innovative Biomaterials GmbH.  Its thickness is ~80 µm and optical density is 3 at 
λ=570 nm. The lifetime of the M intermediate state is ~5 s. 
 

 
 

Fig. 3. Experimental setup for studying the optical switching characteristics of bR film. ND is 
the neutral density filter, and L1 and L2 are lenses. 

 
Using the above setup, we studied the optical switching properties of the bR film at 

different pump and probe intensities.  When the pumping intensity is too low (<0.56 
mW/mm2), no appreciable change in the transmitted probe beam intensity is observed (not 
shown here) regardless the probe beam intensity.  This phenomenon is easy to understand.  
Since the pump beam is too weak, only few populations on each intermediate state can be 
transferred to other states by the pump beam; most of the populations keep staying on the same 
intermediate states as they do without the pump beam.  Therefore, the transmitted probe beam 
intensity is unchanged. 
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Fig. 4. (a) The normalized pump beam intensity at λ=532 nm, (b) and (c) are the transmitted 
probe beam intensity when the probe beam intensity is 3.1 mW/mm2 and 310 mW/mm2. 

 
If the pump beam intensity is high enough, it can significantly change the transmitted 

probe beam intensity, functioning as an optical switch.  The optical switching characteristics 
are very sensitive to the probing beam intensity as well as the pumping duration.  In our 
experiments, we fixed the pumping beam (λ=532 nm) intensity at I=56 mW/mm2.  Figure 4(a) 
shows the normalized intensity of the pump beam.  When the probe beam intensity is less than 
~3.1 mW/mm2, the illumination of the pump beam causes the transmitted probe beam to 
increase, as shown in Fig. 4(b).  On the contrary, as the probe beam intensity is higher than 
~310 mW/mm2, the presence of the pump beam decreases the transmitted probe beam 
intensity, as shown in Fig. 4(c).  
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Fig. 5. Transient behavior of the probing beam under different pumping pulse width: (a) 0.3 s 
and (b) 8 s. Pumping beam (top; λ=532 nm) intensity I= 56 mW/mm2 and probing beam (bottom 
trace; λ=633 nm) I=31 mW/mm2.  

 
As the probe intensity reaches ~31 mW/mm2, an interesting phenomenon occurs, as shown 

in Fig. 5.  Upon the illumination of the pump beam on the sample, the transmitted probe beam 
intensity drops quickly at the very beginning and then rises slowly.  If the pumping duration is 
short enough, the transmitted intensity of the probing beam continues to rise back to the initial 

(a) (b) 
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value, as shown in Fig. 5(a).  However, if the pump beam is kept on for a while, i.e. several 
seconds, the transmitted intensity of the probe beam slowly increases to a certain level, which 
depends on the intensity of the pump beam, and then remains unchanged till the pump beam is 
blocked.  Once the pumping beam is blocked, the transmitted probe beam intensity quickly 
decreases again and then slowly increases to the initial value, as shown in Fig. 5(b).  

The above phenomena cannot be simply explained by the two-state model.  All the 
contributions from each intermediate state in bR’s photocycle must be considered.  Since the 
bR photocycle is very complicated, we have developed a theoretical model to look into the 
population distribution on each intermediate state. 

3. Theoretical analysis 

According to the bR’s photocycle shown in Fig. 1, we propose a general energy level diagram 
shown in Fig. 6.  Like the Br state, each intermediate state also contains its ground  

 
 

Fig. 6. Simplified level diagram representing the photocycle of bR molecules. 
 
and excited states. In our experiment, the bR molecules were exposed to two laser beams with 

intensities 
'

CI  and 
'

PI .  We can describe the excitation and relaxation processes by the rate 

equations as follows: 
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where CCC hII ν/'=  and PPP hII ν/'=  represent the photon density flux of the probe 

and pump beams, respectively.  iCσ  and iPσ  ( i = B, K, L, M ,N and O) are the absorption 

crosssection of the intermediate states at the probe and pump wavelength, respectively.  iGN  

and iEN  represent the population density on the ground and excited states of each 

intermediate state.  The rate constant iGjiGj TK /1=  represents the transition from the 

ground state of the thi  intermediate state to the ground state of the thj  intermediate state.  

The rate constant iEBiEB TK /1=  represents the transition rate from the excited state of the 
thi  intermediate state to the Br state.   

The variation of the probe beam intensity ( '
CI ) with propagation depth z  inside the bR 

film is governed by  

                                    '
'

C
C I

dz

dI α−=                  (2) 

where 

         OCONCNMCMLCLKCKBCB NNNNNN σσσσσσα +++++=    (3) 

Theoretically speaking, we can simulate the experimental results by numerically 
computing Eqs. (1) and (2).  However, there are so many variables in Eq. (1) it is very difficult 
to choose a set of suitable parameters that could fit the experimental results exactly.  
Therefore, we try to use the model to qualitatively analyze the phenomena described above 
instead of accurately simulating the experimental results.   

Since all the excited states involved have a relatively short lifetime, it is reasonable to 
assume that the rate constant from each excited state to Br is the same and large.  Let us 

assume 7105×===== OEBNEBMEBLEBKEB KKKKK s-1.  Since the rate constant 

from each ground state to Br state iGjK  is very small, we can simplify the calculation by 
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assuming 3101 −×===== OGBNGBMGBLGBKGB KKKKK s-1.  JKK  and JBK  are 

assumed to be 7105× and 71067.1 ×  s-1, respectively.  The other parameters are listed in 
Table 1.  

Table 1.  The rate constants and absorption cross-sections used in our simulations. 

Value (cm2) Rate Constant Value (s-1)   Absorption 
cross-section λ=532 nm λ=633 nm 
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Figure 7(a) shows the calculated variation in the normalized population density of each 

intermediate state when the probe beam intensity is 3.1 mW/mm2.  Before the pump beam is 
turned on, the majority of the populations are on the initial Br state.  But due to the depletion 
of the populations of the initial Br state by the probe beam and the long lifetime of M and O 
states in comparison to K, L and N intermediate states, parts of the molecules are on M and O 
intermediate states and few molecules are on K, L, and N states.  With the illumination of the 
green pumping beam, the populations of Br state dramatically decrease and the M-state 
populations dramatically increase.  In addition, the O-state populations decrease while those 
of the L state increase slightly.  However, there is no appreciable variation on the population 
of the K and N states.  The reason is that λ=532 nm is close to the absorption peak of the Br 
state and most of the molecules are on Br state.  A strong green laser beam can pump much 
more Br state populations to the excited state than those of all the intermediate states returning 
to the Br state.  The excited molecules undergo K, L, M, N and O intermediate states and then 
finally go back to the initial Br state.  Since M state has a much longer lifetime than the other 
intermediate states, most of the populations are accumulated in the M state.  Due to the 
excitation and relaxation processes, the L-state populations increase a little while the O-state 
populations decrease slightly.  The absorption cross-section of M and L states is less than that 
of Br and O states at λ=633 nm, which means a bR molecule on the M and L states can absorb 
less He-Ne laser light than it can on the O and Br states. Thus, the transmitted probing beam 
intensity increases as shown by the dashed lines in Fig. 7(a).  After the pump beam is blocked, 
the molecules excited by the pump beam relax back to the initial Br state, causing the 
absorption to return to the initial value, as depicted in Fig. 7(a).  
       For the probe beam with a high intensity (>310 mW/mm2), the situation is completely 
different, as shown in Fig. 7(b).  Although the absorption cross-section of the Br state at 
λ=633 nm is small, the high intensity probing beam can still bleach the molecules from Br 
state.  Again because of the long lifetime of M state, most of the molecules are accumulated 
on M state.  Few molecules are on O state due to the high intensity and large absorption 
cross-section of O state at λ=633 nm.  Therefore, before the illumination of the pump beam, 
most molecules are on M state, as shown in Fig. 7(b).  The illumination of the green pump 
beam redistributes the populations of each state.  At λ=532 nm, the absorption cross-section 
of Br state is larger than that of M state.  However, since most of the molecules are on M state 
and few molecules are on Br state, the molecules transferred from M to Br state by the pump 
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beam exceed those relaxed back from Br to M state.  As a result, the M-state populations 
decrease and Br-state populations increase.  Since few spare molecules on Br 
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Fig. 7. Variation of the normalized population density of B, K, L, M, N and O states and the 
corresponding normalized transmitted intensity of the probe beam at λ=633 nm when the probe 
intensity is: (a) 3.1 mW/mm2, (b) 310 mW/mm2.  The intensity of the pump beam at λ=532 nm 
is 56 mW/mm2 (dashed line). 

 
state are excited by the pump beam to go through the photocycle, there is no appreciable 
variation in the populations of the K, L, N and O states, as shown in Fig. 7(b).  Again since the 
absorption cross-section of Br is larger than that of M at λ=633 nm, the transmitted probing 
beam intensity decreases as shown in the dashed lines in Fig. 7(b).  After the green beam is 
blocked, the populations on Br state are bleached back to M state by the red beam and, 
therefore, the absorption increases to the initial value, as shown in Fig. 7(b).  

As the intensity of the red probe beam reaches ~31 mW/mm2, the status becomes very 
complicated.  Before the illumination of the pump beam, most of the molecules have been 
excited to M state by the probe beam.  In this case, a portion of molecules stay on O state 
because the probe beam intensity is not high enough to deplete all the O-state populations.  
When the pump beam is present, the populations of Br and L states are increased and those of 
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Fig. 8. Variation of the normalized population density of B, K, L, M, N and O states and the 
corresponding normalized transmitted intensity of the probe beam at λ=633 nm when the pump 
time is: (a) 0.3 s, (b) 8s.  The intensity of the pumping beam at λ=532 nm is 56 mW/mm2 

(dashed line). 
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M and O states are decreased.  If the pumping duration is too short, the populations of each 
intermediate state start to vary in the inverse direction before they reach a new dynamic 
balance under the illumination of both probe and pump beams.  As a result, the transmitted 

probe beam intensity decreases first and then rises up to the initial value.  When the pumping 
beam stays long enough, the populations of each state will reach a new dynamic balance.  
Since the population variation of L and O states are comparable to that of Br and M states, the 
contribution from L and O states is not negligible.  The absorption cross-section of O state at 
λ=633 nm is larger than that of Br and M states so it largely affects the absorption properties.  
This is the main reason that the absorption quickly decreases and then rises slowly as the pump 
beam is switched on and off, as shown by the dashed line in Fig. 8 (b). 

4. All-optical logic gates 

Based on the optical switching properties at λ=633 nm, we have designed 11 kinds of variable 
binary all-optical logic gates using the bR film.  The two incident λ=532 nm beams act as two 
inputs A and B and the transmitted He-Ne laser beam at λ=633 nm bears the output of the logic 
gate, as shown in Fig. 9. 

 

 
Fig. 9. Experimental setup for demonstrating an all-optical logic gate. 

When the intensity of the two green beams is low (<0.56 mW/mm2), there is no appreciable 
change in the transmitted probe beam intensity.  This characteristic can be designed as the 0 or 
1 logic gate by setting the threshold level above or below the transmitted probe intensity, 
respectively, as illustrated by the dashed line in Fig. 10(a) and Fig. 10(b). 

When the pumping intensity is high (~56 mW/mm2) and the probe intensity is low (<3.1 
mW/mm2), the transmitted probe beam intensity increases as one of the pumping beams is 
turned on, as shown in Fig. 4(b) and Fig. 7(a), and increases further when both pumping beams 
are simultaneously on.  These switching characteristics shown in Figs. 11(a), (c) and (d) 
behave like the all-optical OR logic gate, since the output is high as long as one of the inputs is 
present and is low only when none of the inputs is present. 

With the same configuration, an all-optical AND logic gate can be obtained by setting the 
threshold level as the dashed line shown in Fig. 11(b).  In this case, the output is regarded as 0 
when either one or none of the pump is present and 1 only when both the inputs are present 
simultaneously. 

When one pump beam is less than 0.56 mW/mm2 while the other one is ~56 mW/mm2, the 
transmitted intensity of the probe beam increases only when the high intensity input beam is 
present.  Figure 12 shows that this configuration functions as an A/B logic gate.  
In the case that both pump (~56 mW/mm2) and probe (~310 mW/mm2) beams have high 
intensities, when the pump beam is on the transmitted probe beam intensity is reduced due to 
the increased absorption of Br state shown in Figs. 4(b) and 7(b).  These switching 
characteristics can be used to design the all-optical NOR logic gate.  In this case, the output is 
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low when either one or both the inputs are present and is high only when none of the pump 
beam is present, as shown in Fig. 13. 
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Fig. 10. All-optical logic gate: (a) optical 0 gate 
function, (b) optical 1 gate function (dashed line as the 
threshold level), both with unchanged normalized 
transmitted intensity of the probe beam at λ=633 nm 
as output with time; (c) and (d) are normalized profiles 
of the two inputs A and B. The intensity of the He-Ne 
probing beam is 3.1 mW/mm2, and the intensity of the 
two inputs is 0.56 mW/mm2. 
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Fig. 11. All-optical logic gate: (a) optical OR gate 
function, (b) optical AND gate function (dashed line 
as the threshold level), both with variation of 
normalized transmitted intensity of the probe beam 
at λ=633 nm as output with time; (c) and (d) are 
normalized profiles of the two inputs A and B. The 
intensity of the He-Ne probing beam is 3.1 
mW/mm2, and the intensity of the two inputs is 56 
mW/mm2. 

 
Using a low intensity (<0.56 mW/mm2) and a high intensity (~56 mW/mm2) pump beams 

as the inputs A and B, respectively, a A / B  logic gate can be obtained, as shown in Fig. 14.  
In this case, the output becomes 0 only when the input (A or B) with high intensity is present 
and 1 when the other one (B or A) with low intensity or none of them is present. 
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Fig. 12. All-optical logic gate: (a) optical A/B gate 
function (dashed line as the threshold level), (b) and 
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The intensity of the He-Ne probing beam is 
3.1mW/mm2, and the intensity of the inputs A and B 
is 0.56 mW/mm2 and 56 mW/mm2. 
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Fig. 13. All-optical logic gate: (a) optical NOR gate 
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Fig. 14. All-optical logic gate: (a) optical NA/NB gate function (dashed line as the threshold 
level); (c) and (d) are normalized profiles of the two inputs A and B. The intensity of the He-Ne 
probing beam is 310 mW/mm2, and the intensity of the inputs A and B is 0.56 mW/mm2 and 56 
mW/mm2, respectively. 

 
For the probe beam intensity is at ~31 mW/mm2, the illumination of a short pulse pump 

beam induces a transient downward pulse in the transmitted probe intensity, as shown in Figs. 
5(a) and 8(a). This characteristic corresponds to an inverted leading edge differentiator.  
However, if we set the threshold level as shown by the dashed line c1 in Fig. 15(a), a NOT  
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Fig.15. All-optical logic gate: (a) a combinational logic 
function as in (c) (dashed line as the threshold level); 
(b) is normalized profile of the input; (c) a 
combinational logic gate, TL is a leading edge-triggered 
flip-flop, D is time-delay device. The intensity of the 
probing He-Ne laser beam is 31 mW/mm2, and the 
intensity of the inputs is 56 mW/mm2. 
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Fig.16. All-optical logic gate: (a) a combinational logic 
function as in (c) (dashed line as the threshold level); 
(b) is normalized profile of the input; (c) a 
combinational logic gate, TL is a leading edge-triggered 
flip-flop, TF is a falling edge-triggered flip-flop, D is 
time-delay device. The intensity of the probing beam is 
31mW/mm2, and the intensity of the inputs is 56 
mW/mm2 
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logic gate can be obtained.  If we set the threshold level below line c1, i.e. as the dashed line 
c2 in Fig. 15(a), it functions as a combinational logic gate illustrated in Fig. 15(c).  From Fig. 
15(c), the input is divided into two routes.  One goes through a leading edge-triggered  

flip-flop and the other goes through a time-delay and leading edge-triggered flip-flop.  The 
outputs are the two inputs of  BA ⊗ . 

When the pump beam stays on for several seconds, the transmitted probing beam intensity 
quickly decreases at the very beginning and then slowly increases to a certain level when the 
pump beam is switched on and off, as shown in Figs. 5(b) and 8(b).  If the threshold level is 
set as the dashed line in Fig. 16(a), the device functions as the combinational logic gate shown 
in Fig. 16(c). The input is divided into 4 routes: two of them go through a leading 
edge-triggered flip-flop, a time-delay and a leading edge-triggered flip-flop, and then are 
combined by a BA ⊗  logic gate.  The other two are combined by a BA ⊗ logic gate after 
going through a falling edge-triggered flip-flop, and a time-delay and a falling edge-triggered 
flip-flop.  Finally, the two outputs are combined by an AND logic gate. 

5. Conclusion 

We have experimentally investigated all-optical switching of bR film using green laser as 
pumping beams and red laser as probing beams.  The switching characteristics have been 
qualitatively analyzed using a theoretical model including the six intermediate states in the 
photocycle.  Based on the optical switching characteristics, we have designed and 
demonstrated 11 kinds of various binary logic gates with the same bR film by setting the pump 
and probe beams at suitable intensities.  The proposed all-optical logic gates including 0, 1, 
AND, A/B OR, NOR, NA/NB, especially the last two logic gates would be useful for 
integrated optics due to the advantages of compact size, simple setup and design flexibility.  
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