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Techniques for nuclear and particle physics experiments:
 a how-to approach By William R. Leo

“neutron 
scattering is 
elastic 2-2...”

Basic Misconceptions of Experimental Community I: 

...unless enough energy
 to excite a nuclear level...

M. Goodman and E. Witten, PRD 31,1985

(just like 
wimps, but
with smaller 

mass...) 



Basic Misconceptions II:  

M. Goodman and E. Witten, PRD 31,1985

...and so, theory models for wimps came 

to be used for estimating reality....

“low energy cross sections 
are constant (in energy, 

angle, etc) ” (not !) 



∆E ∼ EX
2mT mX

(mT + mX)2
(1− cosθ).

AFTER THAT, everyone’s favorite
 billiard ball model follows...

DAMA/LIBRA - calibrate at accelerator 2.45 MeV n beam

CDMS -  calibrate with 252 Cf source, MeV n peak

COGENT - calibrate with monochromatic n beam, 24 KeV  

(1− cosθ) ∼ 2mT

mn

10KeV

En
→ 0for 10 KeV, select the angle: 

Chagani˙NaIrecoils˙idm2006

  Phys.Rev.Lett.102:011301,2009, Phys.Rev.D66:122003,2002. 

JCAP 0709:009,2007; NIM A 574 (2007) 385

CALIBRATIONS!! 



``One line of defense against the muon-induced 
(underground) neutrons is to moderate the neutrons 

below detector threshold before they reach the 
detector.  Note than an 18 KeV neutron has a 

maximum energy deposition on germanium of 1 KeV. '' 

P. Barnes, 96 Dissertation, early expressed: 

(and THERMAL energy is defined as 0.024 eV)



famous quotations, in tiny font
while Ge and Si have similar scattering rates per 
nucleon for neutrons, Ge is 5–7 times more efficient
than Si for coherently scatteringWIMPs   CDMS 
Phys.Rev.D68:082002,2003

As in the previous experiment, the propagation of these neutrons was
simulated accurately, as confirmed by comparison with veto-coincident 
and calibration-source neutrons  CDMS Phys.Rev.Lett.102:011301,2009

Over 600,000 events were recorded using the 252Cf source 
during five separate periods throughout the runs, including 
more than 105 nuclear recoils used to characterize WIMP 
acceptance.  Phys.Rev.Lett.102:011301,2009

Neutrons induced by radioactive processes or by
cosmic-ray muons interacting near the apparatus can
generate nuclear-recoil events that cannot be distinguished
from possible dark matter interactions on an
event-by-event basis. Monte Carlo simulations of the
cosmic-ray muons and subsequent neutron production
and transport have been conducted with FLUKA [13],
MCNPX [14] and GEANT4 [15] to estimate this cosmogenic
neutron background.  Phys.Rev.Lett.102:011301,2009

In order to provide nuclear-recoil events that mimicWIMP 
interactions, a 252Cf-fission neutron source is placed on the top face 
of the scintillator veto. Because the neutrons emitted by this source 
have such low energies (see e.g. [54]), the top layers of 
polyethylene insidethe shield are removed to permit the neutrons to 
penetrate to the cryostat. With the source and shielding in this 
configuration, the data set is dominated by neutrons, making the 
total event rate about 3 times higher than during low-background 
data-taking. In all other ways, the data-taking conditions are as 
usual. The source activity is known to ∼5% accuracy, so the 
absolute normalization of the spectrum is well determined 
Phys.Rev.D66:122003,2002. 

The energy deposited in the detector by an interacting
particle is called “recoil energy” ER. If the particle
interacts with an electron or electrons (e.g. by Compton
scattering, K-capture, etc.), the event is called an electron
recoil; if the particle interacts with a nucleus (e.g.
by WIMP-nucleus or neutron-nucleus elastic scattering),
the event is a nuclear recoil. Most of the recoil energy
is converted almost immediately into phonons, 
Phys.Rev.D66:122003,2002. 

Two methods are used to measure this flux of 
unvetoed external neutrons. The first method 
involves comparing the rate of nuclear-recoil 
events in the Ge detectors
with the rate in the Si detector, since Ge is 
more sensitive to WIMPS and Si is more 
sensitive to neutrons.
The second method is to count the number of 
events consisting of nuclear recoils in two or 
more detectors Phys.Rev.D66:122003,2002. 

For a low-mass WIMP, estimates of the 
neutron background have no effect 
Phys.Rev.D66:122003,2002. 



Unfortunately, 
Neutrons 
 Misbehave
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Neutrons Misbehave A Lot
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Processes not reported, for reasons we can’t explain

not just captures, but prompt gammas
by the score...

...and nuclear levels don’t predict the resonances

“compound nucleus” ...is 
not predictable even in 

principle



 Germanium is a complicated substance visa-vis thermal neutrons

      415 gammas in Budapest set.  831 gammas in ENSDF
 

   70Ge  Sigma=3.15 16 b  %Abundance=21.23  4                                   
   72Ge  Sigma=0.98 9 b  %Abundance=27.66  3                                    
   73Ge  Sigma=15.0 20 b  %Abundance=7.73  1                                    
   74Ge  Sigma=0.34 8 b  %Abundance=35.94  2                                    

   76Ge  Sigma=0.060 10 b  %Abundance=7.44  2   

these are not “capture 
gammas”
these are

“prompt gammas”,
dammit!  

( and each isotope
is different) 

(low energy
cutoff is

due to detectors
and internal 
conversion...

not an end to
spectrum) 

``The set is not complete, missing 
about 28\% of the total energy 

and 74\% of the gamma rays from 
the capture level.''  Reedy

“The EGAF database is often incomplete 
because continuum gamma -rays can comprise 
up to 90% of the spectrum. “ RB Firestone et al,

data: iaea PGAA



what’s reported for neutron backgrounds? 
DAMA/LIBRA: ``In fact, environmental neutrons would induce 

the reaction $^{23}Na(n; \gamma)^{24}Na$ with 0.1 barn cross-
section and the reaction $^{23}Na(n; \gamma)^{24m}Na with 

0.43 barn cross-section''.  

CDMS: determined by simulations. Cannot in 
principle discriminate against neutrons 

COGENT : can’t find a mention of neutron 
cross sections or rates. 

NIM A 592 (2008) 297

astro-ph /1002.4703v2

JCAP 0709:009,2007; NIM A 574 
(2007) 385

Calibration by billiards ...is done

Neutrons induced by radioactive processes or by
cosmic-ray muons interacting near the apparatus can
generate nuclear-recoil events that cannot be distinguished
from possible dark matter interactions on an
event-by-event basis.   Phys.Rev.Lett.102:011301,2009

Activation on Earth surface ...is mentioned

“0.53 barns”
THERMAL!



No mention found of resonant processes 
Consequences so far: 

    calibrations ...being based on billiard balls...
 don’t cover energy range of experiment

 quenching factors are unknown?  why not! 

backgrounds are unknown? why not ! 

rates of activation known ? how and why?

annual variations are everywhere. 
 Even muon show it!  



Dama’s discussed process of
neutron capture and activation...

go consult 23Na Levels...looks safe! 

NuDat-BNL

“0.53 barns”
THERMAL! (OK, this

is
discussed...)

430 KeV
gap.

Safe ! 



.... no mention found of Iodine, 
with epithermal sigma = 160 barns; 
24.99 minutes later, 128I decays

dama sigma region
data Nudat-BNL

ya
can’t
veto
this

Dama’s 
undiscussed 

problem:



COGENT 2009
lists 11.4 day 71Ge decay

and veto-able
68Ge 

Not all activation
and conversion
can be vetoed  

COGENT’s undiscussed problem: internal conversion

data Nudat-BNL



KEV-SCALE GAMMAs tend to INTERNALLY CONVERT  

PR
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NT

Papp 2003  8.4 KeV x-ray beam

COGENT signal 2010Ge M internal conversion

(...recall 73Ge makes 8.56 KeV Auger )

“Prudence and past experience prompt us to 
continue work to exhaust less exotic possibilities. 
We extend an invitation to other researchers in this 
field to proceed with the same caution.”

for which we propose Ge M...



Annual Variations Everywhere
icarus TM/03-01 
divulges 5% 

annual variation 
of underground 
“neutron fluxes” 

(for Soudan, see M. Goodman 98) 

radon in bedrooms in England...

G. Bruno, Journal of Physics: Conference Series 203 (2010) 012091

Radon, Gran Sasso Hall A

MACRO, Astropart Phys 7, 109 (1997) measures 
annual variation of undergound muons 



Maybe all these problems
are well-known to a few experts
inside collaborations....

...but then why aren’t they appearing in every 
single conference talk and journal article?  

(The business of backgrounds is not MY burden of proof ) 



Positive Suggestions
Why not calibrate everything all beams full energy 
range at accelerators, reactors, sources, multiples. 
Stop assuming elastic recoil model for backgrounds

X-rays help calibrate sub-KeV region where
hpge detectors perform for 30 years. S/N>>1. 
Why not try it? 

Check out the limitations of GEANT, FLUKA, etc re: 
neutrons.  Explore the unknowns of neutrons.  There’s less 
known than you think. And some of the known is junk

Current stategies are under-determined, hinge on “if not backgound 
we know, must be dark”.  Lame !  Develop over-determined multiple-
detection consistency.  DAMA has led strategy, but with gaps.

To control ubuitous environmental annual effects, why not 
duplicate detector in southern hemisphere?  It’s only money. 

Lead is a source of neutrons, almost the worst shield. 
Cd stops thermals, transmits > eV.  Activation, Auger, 
internal conversion need to be divulged.  Divulge ! 
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it’s a long road; 
let’s hope for discovery...







Cd is terrific n-capture at thermal (10^(-2)eV) energies.
1.5 mm shield = 10 absorption lengths 

Yet Cd also captures nothing above 10 eV
1.5 mm shield = 0 absorption lengths 

“thermal”





Ge

99.5% muon veto

.5 Cm borated absorber

ComptonVeto

20 Cm Pb

Listing from innermost to 

outermost components, the

shielding around the 

detector was: (i) a low-

background

NaI[Tl] anti-Compton veto, 

(ii) 5 cm of low-background

lead, (iii) 15 cm of standard 

lead, (iv) 0.5 cm of borated

neutron absorber, (v) a 

>99:9% efficient muon veto,

(vi) 30 cm of polyethylene, 

and (vii) a low-efficiency

large-area external muon 

veto.

30 cm polyethylene

large area external muon veto



CDMS Observes Some Billiard Ball Events !
that’s just peachy 

CDMS 

billiards work sometimes....



really good
pretty good

experiments have selected pretty good neutron/prompt gamma emitters -

catalogued by the prompt gamma activation analysis engineers

not used yet in dark matter detectors

Text

awesome good
super good


