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The	
  Neutron	
  

The	
  neutron	
  and	
  its	
  quark	
  structure	
  (udd),	
  	
  
wave	
  packet,	
  wave	
  vector,	
  spin,	
  and	
  	
  
magne5c	
  dipole	
  and	
  electric	
  dipole	
  moments.	
  	
  



The	
  Neutron	
  
Neutrons	
  consist	
  of	
  three	
  quarks,	
  one	
  “up”	
  quark	
  
and	
  two	
  “down”	
  quarks,	
  udd.	
  	
  Protons	
  are	
  uud.	
  
Hadron	
  charges	
  are	
  the	
  sum	
  of	
  charges	
  of	
  
cons5tuent	
  quarks.	
  There	
  are	
  no	
  free	
  quarks.	
  
	
  

Neutrons	
  interact	
  with	
  other	
  hadrons	
  through	
  the	
  
strong	
  force,	
  and	
  with	
  each	
  other	
  and	
  with	
  their	
  
surroundings	
  through	
  the	
  electromagne5c	
  force.	
  
	
  

To	
  a	
  very	
  small	
  extent,	
  neutrons	
  can	
  have	
  an	
  
electric	
  dipole	
  moment	
  (so	
  small	
  as	
  not	
  yet	
  to	
  have	
  
been	
  observed,	
  in	
  spite	
  of	
  long-­‐term	
  efforts).	
  	
  



The	
  Quarks	
  

Quarks	
  are	
  the	
  fundamental	
  cons5tuents	
  of	
  the	
  	
  
hadrons.	
  



The	
  Hadrons	
  
There	
  are	
  two	
  families	
  	
  of	
  
Hadrons:	
  mesons,	
  with	
  two	
  
quarks,	
  and	
  baryons,	
  with	
  
three	
  quarks.	
  
	
  

Hadrons	
  interact	
  through	
  
the	
  strong	
  force;	
  charged	
  
hadrons	
  also	
  interact	
  
through	
  the	
  electro-­‐	
  
magne6c	
  force.	
  
	
  

Even	
  uncharged	
  hadrons	
  
have	
  magne6c	
  moments	
  
associated	
  with	
  their	
  spins.	
  



Where	
  did	
  this	
  story	
  begin?	
  
Most	
  discoveries	
  have	
  precedents	
  of	
  some	
  kind.	
  
	
  

Let’s	
  start	
  with	
  the	
  discovery	
  of	
  radioac5vity	
  in	
  
uranium	
  (actually,	
  gamma	
  radia5on)	
  by	
  Henri	
  
Becquerel	
  in	
  1896.	
  	
  
	
  

In	
  1899,	
  Ernest	
  Rutherford	
  first	
  iden5fied	
  alpha-­‐
par5cle	
  (4He	
  nuclei)	
  decay	
  from	
  uranium	
  and	
  
thorium.	
  
	
  

Soon,	
  scien5sts	
  began	
  using	
  alpha	
  par5cles	
  from	
  
natural	
  sources	
  (~	
  5	
  MeV)	
  to	
  induce	
  nuclear	
  
transforma5ons.	
  
	
  
	
  
	
  



Free neutrons decay by e- emission to a 
proton, accompanied by an anti-neutrino, and 
have a mean lifetime Te = 881.5 seconds = 
14.7 minutes and a half-life T1/2 =  611.0 
seconds: 
 

                   . 
Although the decay process is interesting from 
a fundamental physics point of view, we don’t 
need to account for it in materials science 
applications.  The lifetime of neutrons far 
exceeds the duration of our measurements. 

Neutron	
  Decay	
  

!n!
T1 2=611s! "!! !e# + p+$e + 782!keV



Cosmic	
  Rays	
  

In	
  1912,	
  Austrian	
  scien5st	
  Victor	
  Hess	
  
discovered	
  cosmic	
  rays,	
  iden5fied	
  as	
  high-­‐
energy	
  (~	
  10	
  GeV)	
  par5cles	
  from	
  extra-­‐solar	
  
sources.	
  	
  
	
  

For	
  a	
  long	
  5me,	
  these	
  were	
  the	
  only	
  high-­‐energy	
  
par5cles	
  	
  available	
  to	
  scien5sts.	
  
	
  

In	
  1932,	
  Hess	
  received	
  the	
  Nobel	
  Prize	
  in	
  Physics	
  
for	
  his	
  discovery	
  of	
  cosmic	
  rays.	
  



Discovery of Cosmic Rays 
Victor Hess, 1912 

International Herald Tribune 8 August, 2012	


	





The	
  early	
  20th	
  century	
  was	
  a	
  5me	
  of	
  prolific	
  
discoveries:	
  
	
  Atomic	
  nucleus	
  
	
  Bohr	
  atom	
  
	
  Special	
  rela5vity	
  
	
  X-­‐ray	
  diffrac5on	
  
	
  Quantum	
  mechanics	
  
	
  Electron	
  diffrac5on	
  
	
  Nuclear	
  masses	
  
	
  Cyclotrons	
  
	
  …	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  



1932	
  
By	
  this	
  5me,	
  a	
  number	
  of	
  unsolved	
  mysteries	
  had	
  
accumulated:	
  
	
  

What	
  cons5tutes	
  the	
  mass	
  of	
  nuclei?	
  
	
  

Can	
  electrons	
  in	
  nuclei	
  neutralize	
  the	
  charge	
  of	
  some	
  
nuclear	
  protons?	
  
	
  

Why	
  are	
  nuclear	
  masses	
  not	
  exactly	
  in	
  round	
  numbers	
  
propor5onal	
  to	
  their	
  charges?	
  	
  Cl	
  (A=35.4	
  amu)?	
  
	
  

What	
  are	
  the	
  radia5ons	
  from	
  Be	
  and	
  B	
  bombarded	
  by	
  
alpha	
  par5cles?	
  

…	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  	
  	
  	
  …	
  
	
  



Chadwick	
  
In	
  1932,	
  James	
  Chadwick	
  inves5gated	
  the	
  
radia5on	
  from	
  beryllium	
  and	
  boron	
  bombarded	
  
by	
  alpha	
  par5cles,	
  	
  then	
  widely	
  and	
  implausibly	
  
thought	
  to	
  consist	
  of	
  very	
  high	
  energy	
  photons	
  
(gamma	
  rays).	
  



Chadwick’s	
  Apparatus	
  
“…	
  When	
  a	
  sheet	
  of	
  paraffin	
  wax	
  about	
  2	
  mm	
  
thick	
  was	
  placed	
  in	
  the	
  path	
  of	
  radia5on	
  just	
  in	
  
front	
  of	
  the	
  counter,	
  the	
  number	
  of	
  deflec5ons	
  
recorded	
  on	
  the	
  oscillograph	
  increased	
  
remarkably.	
  	
  This	
  increase	
  was	
  due	
  to	
  par5cles	
  
ejected	
  from	
  the	
  paraffin	
  wax	
  so	
  as	
  to	
  pass	
  into	
  
the	
  counter.	
  …”	
  
	
  

Chadwick	
  could	
  stop	
  them	
  by	
  placing	
  a	
  thin	
  
metal	
  sheet	
  between	
  the	
  wax	
  and	
  the	
  counter.	
  	
  
He	
  reasoned	
  that	
  these	
  were	
  heavy	
  charged	
  
par5cles,	
  that	
  is,	
  protons.	
  



Chadwick’s	
  Apparatus	
  



Voila!	
  Neutrons!	
  
Chadwick	
  reasoned	
  that	
  the	
  par5cles	
  that	
  
registered	
  in	
  the	
  detector	
  were	
  protons	
  
recoiling	
  from	
  neutron	
  collisions.	
  	
  He	
  proceeded	
  
to	
  infer	
  the	
  mass	
  and	
  other	
  proper5es	
  of	
  the	
  
neutron	
  in	
  a	
  brilliant	
  tour	
  de	
  force	
  exposi5on.	
  
	
  

His	
  1932	
  	
  presenta5on	
  to	
  the	
  Bri5sh	
  Royal	
  
Society:	
  J.	
  Chadwick,	
  FRS,	
  “The	
  existence	
  of	
  a	
  
Neutron”,	
  Proc.	
  Roy.	
  Soc.,	
  A	
  136,	
  p.	
  692-­‐708.	
  
	
  

Chadwick	
  received	
  the	
  1935	
  Nobel	
  Prize	
  in	
  
Physics	
  for	
  his	
  work.	
  	
  



The	
  Immense	
  Importance	
  
of	
  Chadwick’s	
  Discovery	
  	
  

	
  

•	
  Debunked	
  earlier	
  conjectures	
  about	
  the	
  nature	
  of	
  
radia5ons	
  from	
  	
  alpha-­‐irradiated	
  beryllium	
  	
  and	
  boron.	
  
•	
  Explained	
  the	
  existence	
  of	
  isotopes	
  and	
  the	
  varia5on	
  
of	
  nuclear	
  masses.	
  
•	
  Enabled	
  nuclear	
  transforma5ons	
  with	
  modest-­‐
energy	
  par5cles.	
  
•	
  More	
  	
  



Neutrons	
  as	
  Waves	
  

In 1936 Mitchell & Powers and Halban & 
Preiswerk first demonstrated coherent 
neutron diffraction (in Bragg scattering by 
crystal lattice planes) as an exercise in wave 
mechanics. Neutrons	
  behave	
  as	
  waves;	
  they	
  
diffract	
  from	
  crystals	
  as	
  x-­‐rays	
  do. 
	
  



Mitchell	
  and	
  Powers’	
  Apparatus	
  	
  



Thermaliza5on	
  

In	
  1935,	
  Enrico	
  Fermi,	
  then	
  in	
  Rome,	
  discovered	
  
that	
  some	
  materials	
  irradiated	
  by	
  neutrons	
  in	
  	
  
water	
  bath	
  ac5vated	
  much	
  more	
  than	
  when	
  
exposed	
  to	
  a	
  bare	
  isotope-­‐driven	
  neutron	
  source.	
  
	
  

He	
  reasoned	
  that	
  by	
  sca2ering	
  from	
  protons	
  in	
  the	
  
water,	
  neutrons	
  slow	
  down	
  	
  to	
  energies	
  at	
  which	
  
the	
  nuclei	
  capture	
  the	
  neutrons	
  more	
  effec5vely	
  
than	
  at	
  higher	
  energies.	
  	
  We	
  now	
  know	
  this	
  
process	
  as	
  thermaliza6on.	
  



Neutron	
  Terminology	
  
A	
  	
  gross	
  dis5nc5on:	
  slow	
  and	
  fast	
  neutrons.	
  
	
  •	
  Slow	
  neutrons,	
  	
  E	
  <	
  1	
  keV,	
  used	
  in	
  neutron	
  
sca2ering	
  studies.	
  	
  	
  
•	
  Fast	
  neutrons,	
  E	
  >	
  1	
  keV,	
  are	
  all	
  those	
  of	
  higher	
  
energies.	
  
	
  

Further	
  dis5nc5ons	
  involve	
  more	
  restric5ve	
  energy	
  
ranges	
  having	
  to	
  do	
  with	
  sources	
  or	
  applica5ons,	
  or	
  
with	
  typical	
  types	
  of	
  interac5ons.	
  
	
  

•	
  Thermal	
  neutrons	
  in	
  general	
  are	
  those	
  with	
  a	
  
Maxwellian	
  distribu5on	
  at	
  some	
  temperature.	
  	
  
Some5mes,	
  specifically,	
  thermal	
  neutrons	
  are	
  those	
  
with	
  energy	
  exactly	
  0.025	
  eV,	
  the	
  average	
  for	
  a	
  300-­‐K	
  
Maxwellian	
  distribu5on,	
  that	
  is,	
  wavelength	
  1.8	
  Å.	
  



Some	
  Neutron	
  Terminology	
  

100

102

104

106

108

1010

1012

10-7 10-5 10-3 10-1 101 103 105 107 109

Sp
ec

tra
l i

nt
en

si
ty

, E
I(E

), 
n/

se
c/

st
er

/le
th

ar
gy

Energy, eV

SLOW FAST
COLD

VCN

UCN

THER-
  MAL

HOT
EPITHERMAL

SLOWING-DOWN

FISSION,
EVAPO-
RATION

CASCADE,
HIGH-
ENERGY

IN
C

ID
EN

T 
PR

O
TO

N
 

EN
ER

G
Y

RESONANCE

293-K Maxwellian

The	
  neutron	
  spectrum	
  shown	
  is	
  typical	
  of	
  cryogenic	
  
moderators	
  at	
  accelerator-­‐based	
  neutron	
  facili5es:	
  	
  
100-­‐K	
  liquid	
  methane	
  at	
  IPNS.	
  



IN	
  1938,	
  O2o	
  Hahn,	
  Lise	
  Meitner,	
  and	
  Fritz	
  
Strassmann	
  discovered	
  neutron-­‐induced	
  fission	
  in	
  
uranium.	
  
Scien5sts	
  immediately	
  realized	
  that	
  neutrons	
  
emerged	
  from	
  that	
  process.	
  
	
  

Discovery	
  of	
  Fission	
  

The	
  Weizsäcker	
  Mass	
  Formula	
  	
  

In	
  1935,	
  Carl	
  von	
  Weizsäcker	
  derived	
  the	
  semi-­‐	
  
empirical	
  nuclear	
  mass	
  formula:	
  good	
  accoun5ng	
  of	
  
the	
  nuclear	
  binding	
  energy	
  	
  in	
  terms	
  of	
  the	
  
numbers	
  of	
  neutrons	
  and	
  protons	
  in	
  nuclei.	
  	
  



Cyclotrons	
  
Ernest	
  Lawrence,	
  U.	
  C.	
  Berkeley,	
  invented	
  the	
  	
  
	
  cyclotron	
  in	
  1930.	
  	
  Cyclotrons	
  evolved	
  rapidly.	
  

	
  

Workers	
  (Seaborg,	
  …)	
  accelerate	
  par5cles	
  
	
  to	
  mul5-­‐MeV	
  energies	
  to	
  produce	
  isotopes.	
  

In	
  the	
  late	
  1930s,	
  cyclotrons	
  accelerated	
  protons	
  
and	
   	
  other	
  par5cles	
  at	
  rates	
  greater	
  than	
  
radioisotope	
  	
  sources.	
  	
  



Neutron	
  Interac5ons	
  
In	
  the	
  mid-­‐1930s,	
  scien5sts	
  studied	
  the	
  many	
  
kinds	
  of	
  neutron-­‐nuclear	
  interac5ons:	
  
	
  Nuclear	
  elas5c	
  sca2ering	
  	
  
	
  Nuclear	
  inelas5c	
  sca2ering	
  
	
  Magne5c	
  
	
  Capture,	
  Absorp5on	
  
	
  Resonances	
  

	
  

Later:	
  
	
  Fission	
  
	
  Spalla5on	
  	
  



Neutron-­‐Nucleus	
  Sca2ering	
  
Neutron-­‐nucleus	
  sca2ering	
  is	
  most	
  common	
  in	
  
materials	
  science	
  applica5ons.	
  
	
  

ScaAering	
  lengths	
  characterize	
  these	
  interac5ons	
  
and	
  are	
  measured	
  quan55es	
  and	
  are	
  independent	
  of	
  
wavelength.	
  	
  There	
  are	
  two,	
  except	
  for	
  spin-­‐zero	
  
nuclei,	
  b+	
  and	
  b-­‐,	
  according	
  to	
  whether	
  the	
  spins	
  of	
  
the	
  neutron	
  and	
  of	
  the	
  nucleus	
  align	
  or	
  an5-­‐align.	
  
	
  

ScaAering	
  cross-­‐sec6ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  are	
  usually	
  
expressed	
  in	
  units	
  of	
  barn	
  =	
  10-­‐24	
  cm2.	
  	
  Sca2ering	
  
lengths	
  are	
  usually	
  tabulated	
  in	
  fermi	
  =	
  10-­‐13	
  cm	
  
units,	
  so	
  be	
  aware.	
  

! = 4"b2



Slow-­‐Neutron	
  and	
  X-­‐ray	
  Sca2ering	
  Lengths	
  



Neutron	
  Magne5c	
  Interac5ons	
  
Neutrons	
  scaAer	
  from	
  atomic	
  electrons.	
  	
  The	
  
magne5c	
  sca2ering	
  depends	
  on	
  sca2ering	
  factors	
  
that	
  depend	
  on	
  the	
  density	
  distribu5on	
  of	
  unpaired	
  
atomic	
  electrons,	
  which	
  are	
  calculated	
  quan55es	
  
that	
  depend	
  on	
  the	
  atomic	
  ioniza5on	
  state	
  and	
  on	
  
the	
  neutron	
  wavelength.	
  
	
  

Neutrons	
  paths	
  bend	
  traveling	
  in	
  magne5c	
  fields,	
  
which	
  are	
  op5cally	
  bi-­‐refringent.	
  	
  That	
  is,	
  the	
  energy	
  
of	
  the	
  field	
  interac5on	
  is	
  opposite	
  for	
  neutron	
  spins	
  
aligned	
  and	
  an5-­‐aligned	
  with	
  the	
  magne5c	
  field.	
  
	
  

Neutrons	
  precess	
  at	
  the	
  Larmor	
  frequency	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
   ! L = " nB



Resonance	
  Interac5ons	
  
•	
  Strong	
  varia5on	
  in	
  interac5on	
  probabili5es	
  at	
  
specific	
  energies.	
  
•	
  Forma5on	
  of	
  compound	
  nuclei	
  with	
  energies	
  
that	
  correspond	
  to	
  quantum	
  states—think	
  of	
  
exci5ng	
  vibra5ons	
  of	
  a	
  many-­‐body	
  system	
  of	
  
interconnected	
  springs	
  and	
  masses.	
  
	
  

Gregory	
  Breit	
  and	
  Eugene	
  Wigner	
  worked	
  out	
  the	
  
formula	
  for	
  the	
  interac5on	
  cross-­‐sec5ons.	
  	
  For	
  
resonance	
  capture,	
  for	
  example,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
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Tantalum-­‐181	
  Cross-­‐Sec5on	
  



The Spallation-Fission Process 

Schema5c	
  
illustra5on	
  of	
  
our	
  modern	
  
understanding	
  
of	
  the	
  
spalla5on-­‐
fission	
  process	
  
(when	
  fission	
  
is	
  possible).	
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(Courtesy	
  L.	
  Waters,	
  LANL)	
  



Atmospheric	
  Neutrons	
  

	
  	
  

Scien5sts	
  gradually	
  became	
  aware	
  of	
  neutrons	
  
produced	
  in	
  the	
  atmosphere	
  by	
  energe5c	
  
cosmic-­‐ray	
  protons	
  (~	
  10	
  GeV)	
  in	
  the	
  spalla5on	
  
reac5on.	
  



There	
  are	
  always	
  neutrons	
  
around	
  us.	
  The	
  thermal	
  
neutron	
  flux	
  at	
  the	
  
Earth’s	
  surface	
  is	
  
~	
  10-­‐4—10-­‐3	
  n/cm2-­‐s,	
  
varying	
  with	
  atmospheric	
  
pressure.	
  
	
  
E.	
  Fermi,	
  University	
  of	
  
Chicago	
  1948	
  lectures—
cosmic-­‐ray-­‐proton-­‐	
  
induced	
  neutron	
  flux	
  
as	
  a	
  func5on	
  of	
  
atmospheric	
  depth.	
  
	
  

Atmospheric Spallation Neutrons	
  



Harold Agnew’s 1944 Flying 
Neutron Detector (B-29) 

	
  



Carbon-­‐14	
  
High-­‐energy	
  spalla5on	
  neutrons	
  colliding	
  with	
  
atoms	
  in	
  the	
  atmosphere	
  steadily	
  produce	
  carbon-­‐14	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  .	
  

	
  

14C	
  nuclei	
  have	
  half-­‐lives	
  of	
  5730	
  years	
  and	
  
cons5tute	
  about	
  10-­‐12	
  of	
  carbon	
  in	
  the	
  atmosphere,	
  
decaying	
  by	
  electron	
  emission,	
  
	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  .	
  
The	
  carbon	
  appears	
  in	
  organic	
  material,	
  from	
  which	
  
the	
  decay	
  electrons	
  are	
  easy	
  to	
  detect.	
  This	
  is	
  the	
  
basis	
  for	
  	
  14C	
  da5ng	
  of	
  organic	
  ar5facts.	
  

n+ 14N! 14C + p

 14C  T1 2!5730years" #"""" 14N + e! +156 keV



Reactors	
  
	
  

In	
  1942	
  Enrico	
  Fermi	
  and	
  his	
  team	
  demonstrated	
  
the	
  first	
  self-­‐sustaining	
  nuclear	
  reac5on	
  in	
  the	
  
CP-­‐1	
  reactor	
  in	
  Chicago.	
  
	
  

Reactors	
  rapidly	
  evolved	
  to	
  become	
  the	
  most	
  
prolific	
  neutron	
  sources.	
  



CP-­‐1	
  

Forty-­‐nine	
  people	
  a2ended	
  the	
  occasion	
  on	
  
December	
  2,	
  1942,	
  when	
  the	
  reactor	
  went	
  cri5cal.	
  
Prominent	
  were	
  Enrico	
  Fermi,	
  Eugene	
  Wigner,	
  Leo	
  
Szilard,	
  Walter	
  Zinn,	
  Herbert	
  Anderson,	
  Leona	
  
Marshall,	
  Harold	
  Agnew,	
  Arthur	
  Compton,	
  Norman	
  
Hilberry,	
  Frank	
  Spedding,	
  ….	
  	
  .	
  



Neutron	
  Sca2ering	
  
•	
  Manha2an	
  Project	
  reactors	
  aimed	
  to	
  produce	
  bomb	
  
fuel,	
  239Pu	
  and	
  to	
  develop	
  the	
  relevant	
  nuclear	
  data.	
  
•	
  The	
  involved	
  scien5sts,	
  Walter	
  Zinn,	
  Enrico	
  Fermi,	
  Ernest	
  
Wollan,	
  Clifford	
  Shull,	
  and	
  others,	
  were	
  also	
  interested	
  to	
  
apply	
  their	
  neutron	
  beams	
  “on	
  the	
  side,”	
  for	
  scien5fic	
  
purposes.	
  
	
  

Fundamental	
  physics	
  experiments	
  and	
  materials	
  science	
  
measurements	
  revealed	
  the	
  uses	
  of	
  neutrons	
  in	
  science.	
  
These	
  revela5ons	
  led	
  eventually	
  to	
  reactors	
  designed	
  to	
  
produce	
  neutron	
  beams	
  for	
  thermal-­‐neutron	
  sca2ering	
  
applica5ons.	
  



Walter	
  Zinn	
  
at	
  the	
  neutron	
  	
  
diffractometer	
  
at	
  the	
  CP-­‐3	
  
reactor,	
  ~	
  1944.	
  

More	
  on	
  the	
  early	
  history	
  of	
  neutrons	
  for	
  sca2ering	
  
measurements:	
  T.	
  E.	
  Mason,	
  et	
  al.,	
  “The	
  early	
  development	
  of	
  
neutron	
  diffrac5on:	
  science	
  in	
  the	
  wings	
  of	
  the	
  Manha2an	
  Project”,	
  
Acta	
  Cryst.	
  (2013)	
  A69,	
  p	
  37-­‐44.	
  	
  



What	
  Kind	
  of	
  Reactors?	
  
Why	
  not	
  use	
  power	
  reactors	
  to	
  produce	
  neutron	
  
beams	
  for	
  research?”	
  

•	
  Power	
  reactors,	
  high	
  power—	
  big	
  and	
  low-­‐flux.	
  
•	
  Research	
  reactors,	
  high	
  flux—	
  small	
  and	
  dense,	
  
challenging	
  heat	
  transfer	
  limita5ons;	
  beam	
  holes,	
  
a	
  “no-­‐no”	
  for	
  power	
  reactors.	
  



The MTA Linac ~1955	
  The	
  accelera5ng	
  
cavi5es	
  were	
  very	
  
large	
  because	
  
available	
  high-­‐
power	
  klystrons	
  
operated	
  at	
  only	
  
12	
  MHz	
  (800	
  MHz	
  
is	
  now	
  common	
  ).	
  

Accelerator-­‐Produced	
  Neutrons	
  
Eventually,	
  workers	
  tried	
  out	
  high-­‐power	
  
accelerator-­‐based	
  neutron-­‐producing	
  facili5es.	
  

More	
  about	
  accelerator-­‐produced	
  
neutrons	
  in	
  the	
  next	
  presenta5on.	
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  YOU!	
  
	
  

QUESTIONS?	
  


