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Roadmap	  

•  Background:	  Rapid	  Automated	  Biodosimetry	  
Tool	  

•  Theory	  of	  Neutron	  ProducFon	  and	  Detectors	  
•  Methods	  of	  Data	  Analysis	  (Unfolding	  Code)	  
•  Analysis	  of	  Results	  



What	  is	  Biodosimetry	  
(And	  What	  is	  it	  Good	  For?)	  

•  Measuring	  radiaFon	  exposure	  in	  biological	  
samples	  	  

•  RABiT	  in	  development:	  6,000	  samples	  in	  a	  day,	  
goal	  of	  30,000	  

•  An	  Improvised	  Nuclear	  Device	  would	  produce	  
a	  specific	  neutron	  spectrum,	  similar	  to	  what	  
was	  observed	  at	  Hiroshima	  in	  1945	  

•  RARAF	  is	  working	  to	  develop	  a	  method	  to	  
produce	  such	  a	  spectrum	  



(Xu,	  Garty,	  Marino,	  Massey,	  Randers-‐Pehrson,	  Johnson	  &	  Brenner,	  
2012)	  



Neutron	  ProducFon:	  	  Nuclear	  
ReacFons	  

•  There	  are	  several	  reacFons	  that	  result	  in	  
Neutron	  radiaFon	  	  

•  The	  ones	  used	  for	  calibraFon: 	  	  

•  Both	  reacFons	  also	  	  
produce	  gamma	  ray	  	  
emissions	  because	  of	  	  
disintegraFon	  energy 	   	   	   	   	   	   	  	  

2 Theory, Setup, and Technique

2.1 Neutron Production

This experiment focused on two types of neutron production reactions: T(p,n)He and
Be(d,n)B. To generate lower energy, mono-energetic neutrons, a tritium target was
bombarded with a proton beam, resulting in the reaction

3H+1 p !3 He +1 n (1)

For higher energy ranges, a beryllium target and a deuteron beam were used:

9Be +2 H !10 B+1 n (2)

Based on the energy levels of the particle beams, the mass of the particles used in
the reactions, and the angle of the neutrons’ trajectories relative to the particle beam,
we can predict the energy levels that will be observed by our detectors, making this
setup an excellent for detector calibration.

For example, in the case of the first reaction, the expected neutron energy detected
can be calculated if we assume the collisions to be totally elastic, and if we are given
the energy of the beam (in this case, 4.1 MeV proton beam) and the angle from which
the detector is observing the neutrons (for the duration of this experiment, 15�) by the
equations

En = ETB
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where En is the expected neutron energy,  is the angle of incidence of the neutrons
(15� in this case), and ET , D, and B are given by

ET = Ep +Q = En + EHe (4)

D =
MHMHe

(Mp +MH)(Mn +MHe)
(1 +

MpQ

MHET
) (5)

B =
MpMn(Ep/ET )

(Mp +MH)(Mn +MHe)
(6)

where Q is the disintegration energy of the reaction (E = (�mtotal)c2), MH is the
mass of a tritium nucleus, MHe is the mass of a helium nucleus, etc.[3] Based on this
analysis, En should be 3.2 MeV.

2.2 Detectors

This project utilizes two detectors: a BC-501 liquid scintillator and a gas proportional
counter.
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2 Theory, Setup, and Technique

2.1 Neutron Production

This calibration focused on two types of neutron production reactions: T(p,n)He and
D(d,n)He. To generate mono-energetic neutrons up to 3MeV , a tritium target was
bombarded with a proton beam, resulting in the reaction

3H+1 p !3 He +1 n (1)

For higher energy ranges up to 8MeV , a deuterium target and a deuteron beam
were used:

2H+2 H !3 He +1 n (2)

Based on the energy levels of the particle beams, the mass of the particles used in
the reactions, and the angle of the neutrons’ trajectories relative to the particle beam,
we can predict the energy levels that will be observed by our detectors, making this
setup an excellent for detector calibration.

For example, in the case of the first reaction, the expected neutron energy detected
can be calculated if we assume the collisions to be totally elastic, and if we are given
the energy of the beam (in this case, 4.1 MeV proton beam) and the angle from which
the detector is observing the neutrons (for the duration of this experiment, 15�) by the
equations

En = ETB
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where En is the expected neutron energy,  is the angle of incidence of the neutrons
(15� in this case), and ET , D, and B are given by

ET = Ep +Q = En + EHe (4)

D =
MHMHe

(Mp +MH)(Mn +MHe)
(1 +

MpQ

MHET
) (5)

B =
MpMn(Ep/ET )

(Mp +MH)(Mn +MHe)
(6)

where Q is the disintegration energy of the reaction (E = (�mtotal)c2), MH is the
mass of a tritium nucleus, MHe is the mass of a helium nucleus, etc.[?] Based on this
analysis, En should be 3.2 MeV.

2.2 Detectors

This project utilizes two detectors: a BC-501 liquid scintillator and a gas proportional
counter. Both of these detectors were positioned 15� from the ion beam.
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Detectors	  

•  Two	  types	  of	  detectors	  are	  being	  used	  for	  this	  
project:	  a	  ProporFonal	  Counter	  and	  a	  Liquid	  
ScinFllator	  

•  Although	  there	  are	  
two	  detectors,	  my	  	  
focus	  has	  been	  on	  	  
the	  liquid	  scinFllator	  



Theory	  of	  the	  Liquid	  ScinFllator	  

•  When	  the	  liquid	  inside	  	  
the	  detector	  absorbs	  	  
radiaFon,	  it	  causes	  it	  to	  	  
emit	  light	  of	  a	  certain	  	  
frequency.	  

•  The	  detector	  is	  actually	  
detecFng	  the	  light.	  





Indirect	  Neutron	  DetecFon 	  	  

•  Because	  neutrons	  are	  electrically	  neutral,	  we	  
detect	  them	  indirectly.	  

•  y(E)	  is	  the	  measured	  spectrum,	  x(E’)	  is	  the	  true	  
neutron	  spectrum,	  A(E,	  E’)	  is	  the	  response	  
matrix,	  and	  E	  and	  E’	  are	  the	  measured	  and	  
true	  energy	  values,	  respecFvely.	  

y(E) = A(E,E ')x(E ')dE
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The	  Wonderful	  World	  of	  Matrices	  
•  Problem	  can	  be	  reduced	  to	  matrix	  unfolding	  
problem:	  

•  x	  is	  the	  soluFon	  vector	  (true	  neutron	  spectrum)	  ,	  
NC	  is	  the	  number	  of	  elements	  of	  x,	  and	  A	  is	  the	  
response	  matrix.	  

•  Just	  feed	  this	  to	  a	  computer	  and	  watch	  the	  
answer	  magically	  appear	  on	  the	  next	  slide!	  

y(E) = A(E,Ej ')xj
j=1

NC

∑



Error	  404:	  Page	  Not	  Found	  

•  UncertainFes	  in	  the	  measured	  spectrum	  
•  UncertainFes	  in	  calculaFng	  the	  response	  
funcFon	  

•  Round-‐off	  error	  
•  Uncertainty	  in	  discriminaFng	  between	  
neutron	  and	  gamma	  radiaFon	  

•  You	  can	  get	  close	  enough	  for	  all	  pracFcal	  
purposes,	  but	  not	  exactly	  there	  



Unfolding	  Code	  

•  UFlizes	  an	  objecFve	  funcFon	  to	  opFmize	  the	  
soluFon	  

•  TradiFonal	  implementaFons	  (such	  as	  FORIST)	  
were	  more	  complex,	  but	  this	  implementaFon	  
was	  most	  successful	  in	  simulaFons	  

where X is the cost we seek to minimize. Because X may or may not have a global
minimum, FERDOR squares both sides, utilizing the least squares algorithm:

X

2 =
NRX

i=1

(yi �
NCX

j=1

Aijxj)
2 (11)

The obvious answer is to find the minimum of X2 by setting its derivative to zero, but
this produces nontrivial error because of computer roundo↵ error.2 Instead, FERDOR
calculates the best [x] iteratively: beginning with a ”guess” spectrum, representing a
possible solution spectrum, the program calculates theX2 value for that solution vector
(xj) and adjusts xj to minimize X

2. FERDOR repeats this process until X2 cannot
be further reduced. The ”guess” spectrum is not chosen at random; to maximize the
probability that we will indeed find the correct solution spectrum, the ”guess” spectrum
is calculated by finding the pseudo-inverse of the response matrix:

[x] =
⇥
[A]T [W ][A]

⇤�1
[AT ][W ][y] (12)

The [x] found by this formula is the first candidate solution vector. The unfolding
program then combines equations (11) and (12), using the [x] calculated in (12) as the
[x] in (11). As described above, the program continuously improves upon the initial
calculated [x] until it has found the optimal solution vector.

2.4 Adapting to Matlab

Because the existing unfolding code used in this experiment was no longer compati-
ble with RARAF’s operating systems, FERDOR had to be adapted to a more modern
computing language. Because FERDOR relies on a response matrix (represented equa-
tion (1) by Aij) that translates the data into a neutron spectrum, the method is most
easily executed through a series of matrix operations. This made Matlab, a language
designed specifically for dealing with matrices, an obvious choice.

2.4.1 STEPPER

The most challenging aspect of adapting FERDOR to Matlab was ascertaining how
to shift the solution vector with each iteration. Whereas in a case of fitting a straight
line to data, one only has two real options for how to alter the fitted solution (either
increase or decrease the slope), because of the nature of the data there are infinitely
many ways of adjusting the solution vector. Because the FERDOR algorithm does
not specify how this adjustment should be made, the optimal procedure had to be
determined through careful calibration.

The selected approach treats the solution vector as the coordinates of a point in
multidimensional space, where each element represents one dimension of space. The
initial guess is another point in space. The problem, then, becomes a question of

2FERDOR manual; note that the authors here advise using several correction factors to reduce computer
round-o↵ error. For our purposes, however, it was found that the formula presented above produced the
best results.
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Unfolding	  Code	  

Stepper:	  	  

Sets	  up	  matrix	  of	  
adjusted	  soluFon	  

vectors	  

calc_square:	  
calculates	  the	  

“cost”	  

Makes	  soluFon	  vector	  
with	  lowest	  cost	  the	  
new	  soluFon	  vector	  



STEPPER:	  	  OpFmizaFon	  



Results	  

Channel	  



Results	  (Cont’d)	  



Results	  (cont’d)	  



Recap	  and	  Future	  Work	  

•  A	  neutron	  unfolding	  code	  capable	  of	  accurately	  
unfolding	  simulated	  spectra	  was	  developed.	  	  	  

•  Further	  tesFng	  is	  required	  to	  confirm	  its	  accuracy	  
in	  unfolding	  real	  data	  

•  This	  tesFng	  will	  include	  taking	  calibraFon	  data,	  as	  
well	  as	  comparing	  its	  output	  to	  exisFng	  code.	  

•  Future	  refinements	  might	  include	  incorporaFng	  a	  
Gaussian	  smoothing	  funcFon	  (FORIST)	  



THANKS!	  

•  Dr.	  Yanping	  Xu,	  Dr.	  Gerhard	  Randers-‐Pehrson,	  
Steve	  Marino	  

•  Everyone	  at	  RARAF	  
•  Nevis	  Labs	  and	  the	  rest	  of	  the	  REU	  program	  



QuesFons?	  
QUESTIONS?	  


