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Introduction. Many physical systems can be described by the so-called rate equations, which give the 

evolution of the population of the different states. In a transient absorption spectroscopy experiment, we 

indeed follow this evolution by measuring the temporal decay (or build up) of the spectroscopic signals 

(photo-induced absorption, stimulated emission or ground bleaching). For example, for the model in the 

figure the amplitude of the photo-induced absorption signal PA2 will be proportional to the population present 

in the level S2. 

In this laboratory session, we will apply the formalism of the rate equations to study a carotenoid. 

Carotenoids are present in plants, algae and several bacteria and fungi, and are involved in photosynthesis. 

Their structure (a polyene chain) enables electron transfer throughout the molecule: after absorption of 

visible light, the excited molecule transfers electrons to the chlorophyll for photosynthesis.  

Description of the problem. In the simplest model a carotenoid can be described as a three-level system, 

as shown in the figure. In a pump-probe experiment, the 

system is excited with a 15 fs (FWHM) pulse to the S2 level, 

giving rise to the photoinduced absorption band PA2. From 

this state the population is transferred to a dark state (S1) 

with a rate k2=0.005 fs-1.  The population decays back to the 

ground state (S0) with a rate k1=10-4 fs-1, yielding the signal 

PA1.  

Objectives. We will numerically solve the rate equations to 

study the photo-relaxation of a carotenoid. Following the 

steps described in the methodology you will plot the 

temporal evolution of the population in the S2 and S1 states 

of the carotenoid, i.e. N2(t) and N1(t), following excitation with a visible pump pulse. Once you have obtained 

them you will develop a model to fit the data and extract the lifetimes of the states S2 and S1. 

Methodology. To solve the rate equations and obtain the evolution of the population, we will implement a 

script in Octave.  

1- Open Octave. Select File > New > New script. 

In the Command Window write graphics_toolkit("gnuplot") 

In the Command Window write pkg load optim 

2- Define a Gaussian pump pulse with a FWHM of 15 fs. Then implement it on Octave: 

(1) Define a vector for time axis (choose a value for the minimum and maximum time delay and a proper 

size step; for the first tests, use a low number of points). This is an example of the syntax to define a 

vector in Octave: 

dt=5; 

tmin=-100; 

tmax=5000; 

t=tmin:dt:tmax; 

(2) Define a function for the Gaussian pump pulse as a function of the time vector: 

FWHM=15; 
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g=exp(-4*log(2)*(t/FWHM).^2); 

To save and run your code click on “Save File and Run” button on the Editor menubar: 

 
 

3- Implement and numerically solve the rate equations: 

(1) Propose the rate equations for this system and the analytic solution for the populations of the S1 and 

S2 states as a function of time.  

Hint: the solution of a differential equation of the form 
𝑑𝑓(𝑡)

𝑑𝑡
= 𝑔(𝑡) − 𝑘. 𝑓(𝑡) is of the form 𝑓(𝑡) =

𝑒−𝑘𝑡 ∫ 𝑔(𝑡′)𝑒𝑘𝑡′
𝑑𝑡′

𝑡

−∞
. 

 

For its implementation in Octave: 

(2) Define the constants k1 and k2. 

(3) Integrals are solved numerically using a Riemann integral ( ∑ 𝑓(𝑗 − 1) + 𝑓(𝑗)Δ𝑡𝑁
𝑗=1 ).  

For example, to solve ℎ(𝑡) = ∫ 𝑔(𝑡′)𝑒𝑘𝑡′
𝑑𝑡′

𝑡

−∞
: 

h(1)=0; %initial condition 

for j=2:length(t) 

    h(j)=h(j-1)+g(j)*exp(t(j)*k)*dt; 

end 

 

(4) Plot the evolution of the population of the three states as a function of time and discuss the results. 

figure,plot(t,N2,'LineWidth',2); hold on; 

plot(t,N1,'-r','LineWidth',2); hold off; 

 

Note: You will note that the amplitude of the population depends on the parameters of the pulse and 

the Riemann integral. It can be renormalized with respect to the ground state and by setting the right 

initial values of the population (1 in the ground state, 0 in states S2 and S1).  

 

4- Provided that the amplitude of the photo-induced absorption band is proportional to the population of the 

state, we will perform a fit of the pump-probe signals to extract the lifetimes. For a system presenting an 

exponential decay, i.e. 𝑒
−

𝑡−𝑡0
𝜏1 , the system response after impulsive excitation will be of the form 𝑓(𝑡) =

𝑒
−

𝑡−𝑡0
𝜏1 𝐻(𝑡), where H(t) is the Heaviside function and t0 is the zero delay. If the system response is a 

build-up, f(t) will be of the form 𝑓(𝑡) = (1 −  𝑒
−

𝑡−𝑡0
𝜏2 ) 𝐻(𝑡). 

In a real experiment, the pump pulse has a finite duration and the transient absorption signal can be 

approximated as Δα ≈ f(t)*C(t), that is the convolution of f(t) and the profile of the pump pulse, 𝐶(𝑡) =

𝑒
−

(𝑡−𝑡0)2

2𝜎2  (where 𝜎 =
𝜏𝐹𝑊𝐻𝑀

2√2ln (2)
).  

This leads to the following equations for a decay (Eq.I) or a build up (Eq. II), where erfc is the 

complementary error function: 

𝐹(𝑡) =  𝐴1𝑒
−

𝑡

𝜏1 𝑒𝑟𝑓𝑐 (

𝜎2

𝜏1
−𝑡+𝑡0

√2𝜎
)  (Eq. I) 

 

𝐹(𝑡) =  𝐴2 [𝑒𝑟𝑓𝑐 (
−𝑡+𝑡0

√2𝜎
) − 𝑒

1

2𝜏2
(2𝑡0+

𝜎2

𝜏2
−2𝑡)

 𝑒𝑟𝑓𝑐 (

𝜎2

𝜏1
−𝑡+𝑡0

√2𝜎
)]  (Eq. II) 

 

(1) For simplicity, we will first write a model to fit the population of S2, which presents only a decay. The 

first step is define a set of initial parameters (amplitude, lifetime, sigma and zero delay) that will be used 



as a starting guess for the fit. Once you have define the variables, create a column vector with them of 

the form par=[A1; t1; sigma; x0]. 

 

(2) Create a model as a function of an independent variable and the set of parameters to be fitted 

following Eq. (I). Use then the function nonlin_curvefit to perform the fit and plot the result. 

The following lines present an example of the syntax for a function 𝑓(𝑡) = 𝐴𝑒𝛼𝑡 where A and  are the 

parameters: 

par=[A; alfa]; 

f=@(p,x) (p(1)*exp(-p(2)*x));  

[p,fit_values,cvg,outp]=nonlin_curvefit(f, par, t, data); 

 

(3) Following the same procedure write now a model to fit N1(t). In this case the signal presents both a 

decay and a build-up. To model such function you have to multiply equations (I) and (II). 

 

(4) Finally, you can test your code with an experimental dataset that you can download from the server 

(‘dataset.dat’). 

 

 


