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Abstract: Pulse sequences are used to apply various conditions upon spin-ensembles to obtain 
desired filters, signals, and more. One of the most widely used sequence is the Carr-Purcell-
Meiboom-Gill (CPMG) spin echo sequence. The sequence will be simulated with two systems, water 
and glycine, and the proton time-spectrum will be produced to show how spin densities evolve with 
time under the CPMG sequence.  
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Figure 1 – A CPMG train. Consecutive pulses are used. Between the interval at t, is when the echo peak forms and as increasing number of pulses 
are used, losses are evidently reversed and a clearer measurement. For the simulation, various 180y° pulses were used as simulation might have 

required more echoes to show full relaxation. [1] 
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I. Introduction 
Spin echoes was one the first and foremost pulse 

sequences that have been developed as a tool for 
coherently measuring a sample’s density matrix 
evolution.  

It was first developed by E. L. Hahn in the mid 
20th century as a way to resolve the incoherent 
phasing of spin ensembles.[4] The basis of this 
sequence is the use of what will be called a ‘re-
phasing’ pulse, which counteracts initial de-phasing 
within ensembles. The introduction of this pulse 
allows moment-signal to be constructively created.  
 
 

II. CPMG Pulse Sequence 
 In a magnetic resonance experiment, signal is 
induced by perturbing spin-ensembles, with the use 
of a radio frequency (RF) pulse, off equilibrium and 
measuring the signal produced from magnetization 
returning back to equilibrium. This signal is recorded 
into what is known as a free induction decay (FID).  
 It was seen that how much an ensemble is 
perturbed, is very much dependent upon the rf-pulse 
that is applied to the system. Not only the duration or 
power of a pulse, but the addition of successive 
(identical or alternate) pulses will have various visible 
effect on the ensemble and subsequently, the signal.  
 Hahn first created the method of spin echoes as a 
method for measuring translational relaxation (T2). 
This is the use of introducing a pulse to rephrase 
spins. But phase coherence that is recovered within 
the spin-ensemble is subsequently lost for t>2τ due to 
diffusion effects as well as inhomogeneous 
broadening. [6] Because the field is not perfectly 
homogeneous, the field causes protons at different 
localities to experience different larmor frequencies 
(out of phase). This will result in a destructive 
interference of signal, which will lead to enhance 
decay of signal. The idea of the spin-echo is to reverse 

the inhomogeneity part of signal decay so that a true 
T2 to be calculated.  
 Phase coherence recovery was found possible by 
use of a train of rephrasing pulses. A method was 
developed in collaboration, named after the 
developers, called the Carr-Purcell-Meiboom-Gill 
Spin Echo. [2] [7] The method has been developed for 
measuring T2 relaxation. The method is as follows: 
 

(i.) A 90° pulse first perturbs polarization from 
the main static field (Ho) direction. 

(ii.) Successive 180° pulses, phased in quadrature 
(90°) from the 90° pulse, are then applied, 
directly flipping polarization inducing out of 
phase spins to re-align constructively. 
Successive 180° pulses following the primary 
are spaced at twice the time interval (2tau) 
between the 90° pulse and the primary 180 
pulse.  

(iii.) Maximum signal intensity (the echoes) are 
seen halfway between successive 180° 
pulses.  

 
Quadrature results in minimal deviation of error 
coherently within the system. 
  
 

III. Simulation 
 A simulation will be used to reproduce, based on 
spin operator formalism, the proton (H1) spectrum of 
water and the amino acid of glycine. A pulse sequence 
will be developed to emulate that of the CPMG 
sequence, and then it will be ran on both samples.  
 The factors that will be included in simulation are 
as follows: 
 

(i.) Protons will be immersed in an 
inhomogeneous external field. 
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(ii.) Couplings, such as chemical shift, j coupling, 
etc., will have to be incorporated when 
applicable.  

 
 The program SpinEvolution will be used to 
simulate spin operator evolution of each sample 
under sequence, and MATLAB will be used to 
reproduce graphical interpretation of numerical 
results.  
 
 

IV. Spin Operator Formalism 
 When a system undergoes the process previously 
described, a measurable signal of magnetization is 
evidently seen as a result. Exploitation of spin 
operators that are averaged over magnetization is 
used to obtain something measurable. It is beneficial 
to introduce the concept as follows.  
 Spin operators create bases of spin space that we 
then can use these operators to create a system for 
calculating evolution of spin. But since ensembles are 
used, it is useful to a density operator where we can 
lump up a system and calculate how whole systems 
interact.  From quantum mechanics, we can solve for 
a general equation of motion within a laboratory 
frame through the Liouville/von Neumann equation 
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From a specific solution, which is in correlation to the 
system, we get  
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Where R(θ) is what is called a rotation operator and ρ 
is our initial spin density. We can then use these to see 
how spin densities evolve upon application of pulses, 
which are represented by their corresponding 
Hamiltonians. 
 For example, it can be shown how a spin 
ensemble, with an initial spin operator along the 
external field (z-axis), will evolve upon application of 
an x-pulse.  
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Which is what we would expect (Eq. 5) of how spin 
density would evolve from eq. (2) from an x-pulse. [6] 
It would result of magnetization of spin density (or its 
spin operator) to travel along the y-z plane. This is the 
basis of how SpinEvolution operates, but as we get to 
higher spin systems, or increase pulses, the number of 
terms and work becomes inefficient to reproduce by 
hand, so simulation can output it for us.  
 It should be noted that the inclusion of relaxation 
is just an exponential term added to the operator, but 
has no real affect on product of operators.  
 

V. Parameters 
A. Field Inhomogeneity - It is desired to simulate in an 
inhomogeneous field. SpinEvolution does not directly 
have inputs to parameterize field inhomogeneity, so 
the use of a chemical shift tensor that is dependent on 
distance, will be used to emulate a changing external 
magnetic field (ΔH).  
 
B. Couplings - Water protons by themselves do not 
experience any type of coupling with each other that 
has no great effect on NMR (i.e. nothing which will 
induce line splitting, shift, or line broadening).  
 Glycine on the other hand does have couplings, 
which induce chemical shifts on their α-1H as well as 
its amino 1H. 
 

VI. Results 

 
Figure 2 – CPMG echo on the spectrum of Glycine protons. As can 

be seen on the spectrum, different protons of the system relax at 
different lengths due to various chemical shifts and field 

inhomogeneity. [8] 
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 Figure 3 – Time domain spectrum of water protons when subjected 

to CPMG-train. Each peak correlates to halfway between 180 
pulses. Because water protons are not coupled together, the system 

acts as one. [8] 
 

VII. Discussion 
 SpinEvolution produced output that would seem 
to agree with findings found experimentally for water 
and glycine.  

 
Figure 4– Experimental response from water 1H in result from a 
CPMG echo.[4] 

 
We can see from comparison of figure 3 and figure 4 
that the response of simulation seemed to agree with 
known results experimentally. The factors that induce 
any variance will include that the user has the 
responsibility of determining relaxation of the species, 
the envelope of relaxation, as well as the τ of the 
sequence that will occur. These factors will induce 
broadening/shortening of each individual echo peak, 
which accounts for some of the structure variance 
between the simulation and presented experimental. 
Had the reference experiment given its relaxation and 
sequence parameters, one would have been able to 
reproduce a more exact structure. 

 Glycine has an interesting behavior to it. Closer 
analysis of figure 2 will show what seems to be 
multiple echo peaks on top of one another. The cause 
for this behavior can be described as; (1) there are 
multiple proton’s being considered so, it seems that 
there should be the same representation on number of 
echo peaks (2) the variation of peak heights will 
attribute the addition of both external field 
inhomogeneity as well as chemical shift. So different 
protons experiencing different fields might start at 
higher or lower fields depending on the field. 
 Chemical Shift – A chemical shift is a phenomena 
where different areas of a molecule experience 
different local magnetic fields which are additive to 
the external magnetic field. As different elements 
experience different bonds, and sharing of electrons, 
these electrons will orbit around respective elements 
in different manners. This circulation of charge will 
induce a magnetic field similar as a current of the 
same degree would.  
  As previously stated, chemical shift is an 
experience of a different local field, ΔH. Also, phase 
incoherence results from local spins experiencing 
different local fields, ΔH. Both phenomena, at their 
roots, are results of inhomogeneity within the 
ensemble that produce non-linearity among the spin-
ensemble. [3] 
 Spin echoes revert losses due to field 
inhomogeneity, so it should be no surprise that echoes 
should null chemical shifts similar, as it would phase 
incoherence. Which is exactly what we see looking at 
glycine, figure 2. In the result for glycine, it is evident 
that there seem to be multiple peaks simultaneously 
oscillating within the frame. Because now does the 
system must deal with inhomogeneity of field, which 
produces phase incoherence, but also with chemical 
shift phenomena, which causes different protons to 
relax at the same rate, but at different strides. 
 In real NMR experiments, complete field 
homogeneity occurs in a small portion of the actual 
system.  Especially after the inclusion of various 
samples, various susceptibilities attributed from 
various samples will in a sense absorb the external 
field in different ratios, which add to the creation of 
inhomogeneity. Spin echoes revert these losses and is 
why the sequence are so establishes in NMR. So much 
that many sequences created there after usually 
include some type of spin echo as a preliminary 
sequence. It allows for accurate measurement of T2, 
which is very useful as it is an intrinsic property of 
elements. 
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SpinEvolution Source Code[8] 
 

****** CPMG Train - Glycine ******* 
****** The System ******* 
spectrometer(MHz)  * 
spinning_freq(kHz) * 
channels           H1 
nuclei             H1 H1 H1  
atomic_coords      * 
cs_isotropic       * 
csa_parameters     * 
j_coupling         * 
quadrupole         * 
dip_switchboard    * 
csa_switchboard    * 
exchange_nuclei    * 
bond_len_nuclei    * 
bond_ang_nuclei    * 
tors_ang_nuclei    * 
groups_nuclei      * 
******* Pulse Sequence ****************************** 
CHN 1 
timing(usec)       .5 [1000]4900 
power(kHz)        500 [0]4900        
phase(deg)          90 [0]4900        
freq_offs(kHz)    0 [0]4900 
******* Variables *********************************** 
T2SQ_1_1=1000 
T2SQ_2_1=1000 
T2SQ_3_1=1000 
sigma=0.006 
pulse_1_1_[100:100:4900]=1 
power_1_1_[100:100:4900]=500 
ave_par x/-0.02:0.0025:0.02/ 
cs_iso_1=4.67*(0.1+x) 
cs_iso_2=3.4*(0.1+x) 
cs_iso_3=3.4*(0.1+x) 
ave_wht=0.0025*exp(-0.5*(x/sigma)^2)/sqrt(2*pi)/sigma 
******* Options ************************************** 
rho0               F1z  
observables        F1p I1p I2p I3p 
EulerAngles        * 
n_gamma            * 
line_broaden(Hz)   * 
zerofill           * 
FFT_dimensions     * 
options            -oes -re 
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****** CPMG Train - Water ******* 
****** The System ******* 
spectrometer(MHz)  * 
spinning_freq(kHz) * 
channels           H1 
nuclei             H1 
atomic_coords      * 
cs_isotropic       * 
csa_parameters     * 
j_coupling         * 
quadrupole         * 
dip_switchboard    * 
csa_switchboard    * 
exchange_nuclei    * 
bond_len_nuclei    * 
bond_ang_nuclei    * 
tors_ang_nuclei    * 
groups_nuclei      * 
******* Pulse Sequence ****************************** 
CHN 1 
timing(usec)       .5 [1000]2900 
power(kHz)        500 [0]2900        
phase(deg)          90 [0]2900        
freq_offs(kHz)    0 [0]2900 
******* Variables *********************************** 
T2SQ_1_1=1000 
sigma=0.006 
pulse_1_1_[100:200:2900]=1.0 
power_1_1_[100:200:2900]=500 
ave_par x/-0.02:0.0025:0.02/ 
cs_iso_1=0.1+x 
ave_wht=0.0025*exp(-0.5*(x/sigma)^2)/sqrt(2*pi)/sigma 
******* Options ************************************** 
rho0               F1z 
observables        F1p  
EulerAngles        * 
n_gamma            * 
line_broaden(Hz)   * 
zerofill           * 
FFT_dimensions     * 
options            -oes -re 
 


