
Radiation Damping: Simulation of Signal
Student Name and Contact Info (Principles of Magnetic Resonance, 2012)

Abstract: Radiation damping is a phenomena that occurs as a back action of
the FID signal. Simulation made with Mathematica shows growth along with
decay of the FID and corresponding dips produced in the Fourier transform
of  the time-spectrum.  It  is  shown that  radiation  damping  is  a  sensitive
process that exists in all cases but gets drowned out when the relaxation
time is much less than the damping time. 

Introduction
In  NMR,  it  was  early  reported  of  a

phenomenon  of  feedback  disturbances
of  RF  pulses.  This  phenomenon,  called
Radiation  Damping  (RD),  was  first
explained in detail by Bloembergen[2] in
the  early  20th century.  The  basics
principles  behind  this  lie  in  the  RF-
system’s  interaction  with  the  spin
systems of the sample. This interaction
leads to disturbances and counter action
of signal.  If  signal  is perturbed,  then it
could lead to extreme changes in output
signal and become a real problem. Thus,
it  is  important  to  understand  the
mechanisms of RD and its limitations. 

In  most  NMR  experiments,  the
strength of the field/signal  is so strong
that RD can be neglected. When RD is
non-negligible  is  in  experiments  where
“soft  pulses”  are  used,  or  when  the
frequency of the pulse is low. The former
is thus termed “hard pulses”. 

Also, an interactive simulation will be
quiet  useful  to  be  able  to  see  how
different  variables  such  as  damping
time,  sampling,  and  Bloch  angle  can
change the effects of RD.

Theory: 
In the simplest matter, the process of

NMR can be described as followed:

(i.) Application of external field (Bo).
(ii.) A  system  rf-coil  induces  a  field

(B1) orthogonal to Bo.
a. B1  perturbs  the  systems

equilibrium and  induces  the
ensemble Magnetization (M’)
vector to change.

(iii.) This  net  change  can  then  be
recorded  back  in  the  same  RF
coil.

(iv.) The  signal  is  carried  out  and
processed  into  readable  and
significant data in the frequency

spectrum.

The  phenomena  of  RD  occurs
between steps (ii.) and (iii.). Essentially,
the signal that is produced back in the
rf-coil  is  carried  out  via  current.  By
definition,  a  current  in  a  coil  has  to
produce some magnetic field about it. It
is  this  that  re-enacts  on  the  spin
ensemble.  Originally the spin ensemble
M’ is perturbed off its equilibrium by B1

and  then  signal  is  created  as  the  M’
relaxes  back  to  equilibrium  with  the
external  field.  The  mechanism  of  RD
creates  a  situation  that  induces  M’ to
return along the external field at a non-
natural  rate  that  it  would  otherwise
return in. 

It can be explained as that the signal
created  by  the  ensemble  in  the  coil,
enacts  back  on  to  the  ensemble.  This
reaction can be described as a coupling
between two systems:

(i.) A nutating M’
(ii.) A resonant circuit

The nutating M’ will induce an EMF in the
circuit which can be expressed by

(1)

where  b1 is  the field induced from the
signal via a unit current.

To  look  further  into  the  dynamics,
first we can describe the motion of  M’;
nominally, M’ nutates about a field at an
angular frequency

(2)
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But in RD, there is a resemblance of 
nutation with magnetization, but now 
angular frequency is non-uniform. 

where θ is the angle M’ precesses along
and τRD is call the damping time, or how
long it takes for magnetization to relax
back  to  equilibrium.  After  the  initial
perturbation of M’, it is desirable to have
an  expression  on  how  the  bulk  M’
evolves with time.  From here it  is  first
desirable  to  describe  how  generally
magnetization  is  represented  as  a
dependence  of  time,  and  then  later
incorporate RD.

Felix Bloch pioneered magnetization
dynamics  within  external  fields  in  the
first half of the 20th century. He is most
notably  known  for  the  famous  Bloch
equations

This was originally  adapted for a static
frame,  but  because  the  ensemble’s
magnetization  is  constantly  precessing
about,  it  is  advantageous  (by  creating
more  simple  calculations)  to  fix
ourselves  within  a  rotating  frame  (the
prime denotes fixed in a rotating frame).
The  resolved  the  Bloch  equations  for
such are

(5)    

where the “tilde” is the incorporation of
relaxation and diffusion terms within the

magnetization term. We are overlooking
the  exact  solutions  of  diffusion  and
relaxation  because it  will  be  seen that
under RD, they are negligible and can be
equally  solved  without  incorporation.
Typical solutions to the Bloch equations
resolve into

(6)
 
where M+ is equal to Mx+iMy.

Radiation Damping and the FID

It  is  now advantageous  to  see how
these  fundamental  solutions  evolve
under  radiation  damping.  It  can  be
proved that the solution to eq. (3) is

(7)

where  θo is  the  initial  position  of  the
magnetization.  What  we  can  decipher
from this  is  that  magnetization  is  now
dependent  on initial  Bloch angle  under
the effects of RD. The meaning of “the
effects  of  radiation  damping”  is  where
relaxation can be ignored, and the Bloch
equations, eq. (4), under this condition is
resolved into just

(8)

It can be shown under these conditions,
that  the  Bloch  equation  under  RD,  eq.
(8), is equal to eq. (3). Figure 1 may be
in assistance to follow this. 

Under normal conditions of NMR, one
can readily see a Free Induction Decay
(FID) of signal. This is due to relaxation
effects within the sample, as seen in the
Bloch equations give by eq. (4). 

RD  effects  are  dominant  when  the
time for RD is shorter than the times for
relaxation.  With  this,  the  relaxation
terms in eq. (4) can be ignored (the later
two  terms)  and  it  can  then  be  shown
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that from eq. (4), one can also show the
equivalence of eq. (3). 

Fig. 1 – The effect of radiation damping is the
nutating M’ which can be seen also by the creation

of a radiation damping field (Br). MRD = Mosinθ.

The  lack  of  ability  to  reach  saturation
(Mx=My=Mz=0)  leaves  M’ to  be
unchanged, given by

M ' x=M 'RD sinDwt

M ' y=M 'RD cosDwt
M ' z=M 'o cosq

It  can  then  be  shown  the  MRD can  be
expressed as a function of time by

M
~

osech( t−totRD
− log{tan [q

~

( to)

2 ]})
Eq. (10) gives light to the fact that RD is
not only dependent on the time but also
the  initial  Bloch  Angle  of  the
magnetization.

Though now not readily readable,  It
becomes evident after analysis, that the
FID grows,  similar  under  relaxation,  up
to 90. But after 90, until 180, decaying
of the FID occurs. 

To  get  a  more  intuitive  picture  of
what is happening in the system, we will

take a look at the Bloch sphere and its
relation with NMR. 

Figure 2 – The Bloch Sphere. After application of
the RF pulse that perturbs the magnetization off
equilibrium B. Magnetization can either relax one

of two pathways dependent on which is more
dominant. [6]

Basic  NMR  experiments  are  easily
seen and grasped by transformation of
information  and  signal  into  a  vector
model comprised of a density matrix to
represent the ensemble. This model has
basis  from  the  quantum  mechanical
model  of  the  Bloch  sphere,  which  is  a
representation  of  a  two-level  quantum

mechanical  model  ( |+
1

2
⟩  and  |−

1

2
⟩

in the simple case of an isolated spin-½
model).  In  this  model  a  single  spin  in

state  |y ⟩  can  be  described  by  the
operator

ρ=| y ⟩ áy|=
1

2
(1+r x sx+r y s y+r zs z )

(11)
and also

r x
2
+r y

2
+r z

2
=1 (12)

where  r is  a  vector  which  lies
somewhere on the Bloch Sphere.

The  way magnetization  relaxes  can
be  made  into  a  path  some  inside  or
along  the  Bloch  Sphere.  Under  normal
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relaxation  effects,  M’ will  relax  along
Path  1  (inside  path).  When  relaxation
can be ignored and RD is dominant,  M’
will relax on Path 2 (outside path). 

So now it can be seen the M relaxing
on the y-z plane has two scenarios:

(i.) It is decays under the effects
of relaxation, relaxing toward
equilibrium, or the z-axis from
the y’-axis.

(ii.) It  rises  on  the  y’-axis  from
180, until 90, and then starts
to  decay back to equilibrium
toward the z-axis.

Incorporation of Radiation Damping:

 When  RD  is  non-negligible,  thus
relaxation terms within the evolution of
magnetization  are  now  negligible  (

),  the  total  Bloch  equations
now resolve into

j
~

( t )= j
~

( to )+( t−t o )dw+ tan y (wo ) log [sin q
~

( to )

sin q
~

( t ) ]
(14)
where 

Simulation

Mathematica  was  used  to  simulate
how signal changes when RD is resolved
into the Bloch equations, eq. (9) and is
the dominant characteristic

(16)

(17)
The  Fourier  transform  of  complex
magnetization  to  obtain  the  frequency
spectrum  of  the  sample,  with  initial

conditions  of  to=0,  j
~

( t o ) =0, y (wo )

=0, and q
~

(to )  is the initial Bloch angle
and  will  be  a  manipulated  variable  in
Mathematica.

Within the simulation, there is set a
list of variables that can by interactively
manipulated so that  one can see what
factors  may  influence  (increase  or
decrease)  the  effect  of  radiation
damping. 

Results

Attached is a CDF of a Mathematica
file  that  was  created  to  view  how
radiation damping evolves with time. It
is expressed as an interactive program
where one is able to change factors that
most Influence radiation damping:

 τRD – Damping time via:
o Q – Quality factor of coil
o η –  Filling  factor  that

relates amount of sample
in coil area

 Initial Bloch Angle
 Sample Size
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Figure 4 – Evolution of M’x-FID as a function of
initial Bloch angle. From left to right, top to

bottom; θo= 60°, 90°, 150°, 175°

Discussion

As is  viewed from the Mathematica
file,  when  the  initial  Bloch  angle  (also
known as the flip angle) traverses past
90°,  two  things  are  evident  from
simulation:

(i.) There is initial growth in the FID
before decay happens.

(ii.)The Fourier  Transform begins  to
develop  negative  signal  dips  in
the frequency spectrum.

Initial  growth  in  the  FID  creates  a
problem of unreliable T2 measurements.
This  arises  from  a  now  distorted  T2

envelope. 
Negative  signal  dips  in  the  Fourier

transform  will  lead  to  artefacts  during
image  reconstruction  along  with
misleading  images.  If  the  purpose  of
imaging is to discern the spin density of
a  sample  from signal  as  a  function  of
time,  then  negative  dips  will  certainly
distort final analysis.  

Now,  to  put  in  perspective  of
practical  NMR,  the  reader  is  reminded
that  RD  is  only  applicable  when  the
relaxation effects are negligible. And this
only happens when the damping time is
shorter  than  the  relaxation  time,  or  in
practice,  when  “soft-pulses”  are  used.
Soft-pulses are essential lower frequency
pulses  or  selective  pulses  when  only
single excitation of a specific frequency
is desired. 

So a good study for further analysis
would  be  to  study  how  to  revert  the
effects  of  RD  in  signal  as  to  obtain

significant data that is reproducible into
a significant image. 

Shown in Fig. (4) is the evolution of
the real part of M’+ as initial Bloch angle
is changed. The imaginary is a similar to
the real. This resolution is up to 180 but
after  180, the signal  is distorted under
eq. ()

Figure 5- A distorted FID time evolution of
Magnetization of radiation damping. θo=175°

The addition of growth along with decay
within the FID convolutes the relaxation
envelope and thus fitting is convoluted
as  well.  This  throws  off  accurate
measurements of relaxation. 

There  is  a  special  case  of  180° for
the sample. It  seems that at 180°, the
spins  enter  upon  a  meta-stable  state.
The  envelope  of  the  magnetization
brings  a  limit  to  the  relation  of
magnetization and the Bloch angle such
that  at  180°,  the time origin would be
infinitely far away. This theoretical limit
causes error upon simulation at 180° so
thus it is ignore. In actual practice, it is
reported  that  this  limit  does  not  come
into play.

Conclusion

Radiation damping is a phenomenon
that  follows  basic  principles  as  it  is
caused  by  the  same  phenomena  that
induces initial signal.  Radiation damping
occurs at all frequencies and at all pulse
lengths/strengths,  but  at  higher
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strengths  (most  clinical)  it  is  highly
negligible and is usually ignored and not
even seen in signal. For lower strengths,
there  have  been  pulse  sequences
developed to try to limit  the effects of
RD.
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