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API 120 Neutron Generator

● API = Associated Particle Imaging
● Detecting 3-He gives neutron timing
and direction  

● 15 kg, 50 W, 3” neutron tube (pictured 
scintillator tube much longer than ours) 
● CW neutron beam
● Desired rate 1e2-1e4 total n/sec
● 60o angular cone
● Allows detailed measurement of veto eff
for various neutron incidence kinematics
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Abstract

The API 120 is a lightweight, portable neutron generator for active neutron interrogation (ANI) field work exploit-
ing the associated particle technique. It incorporates a small sealed-tube accelerator, an all digital control system with
smart on-board diagnostics, a simple platform-independent control interface and a comprehensive safety interlock phi-
losophy with provisions for wireless control. The generator operates in a continuous output mode using either the D–D
or D–T fusion reactions. To register the helium ion associated with fusion, the system incorporates a high resolution
fiber optic imaging plate that may be coated with one of several different phosphors. The ion beam on the target mea-
sures less than 2 mm in diameter, thus making the system suitable for multi-dimensional imaging. The system is rated at
1E7 n/s for over 1000 h although higher yields are possible. The overall weight is 12 kg; power consumption is less than
50 W.
! 2005 Elsevier B.V. All rights reserved.

PACS: 29.17.+w; 29.25.Dz; 29.30.Hs; 29.30.Kv; 29.40.Mc

Keywords: Neutron Generator; Associated Particle Technique (APT); Associated Particle Imaging (API); Active Neutron Interro-
gation (ANI); Deuterium Tritium Fusion

1. Introduction

The associated particle technique (APT) for
performing active neutron interrogation (ANI)

has the potential to be an important non-contact,
non-destructive analytical tool. The details of
how associated particle measurements are per-
formed have been described in detail in the litera-
ture [1–9]. Briefly, the technique takes advantage
of the two products of the deuterium–tritium (or
deuterium–deuterium) fusion reaction (Eq. (1))
used in accelerator neutron generators, correlating
the time and direction of emission of the fast
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neutron with the resulting helium ion.1 This corre-
lation is established by incorporating a sensor
within the vacuum boundary of the neutron tube,
near the metal hydride target, which is sensitive to
the alpha particles from the fusion reaction. An
example of this geometry is shown in Fig. 1.

Dþ 2H ! 3Heþ n En ¼ 2.45 MeV

E3He ¼ 0.82 MeV

Dþ 3H ! 4Heþ n En ¼ 14.1 MeV

E4He ¼ 3.5MeV

ð1Þ

By measuring the alpha particle and noting
both the position of interaction on the scintillator
screen and the time of the event, information
about the location of the associated neutron can
be determined. Both azimuthal and colatitude
(h,/) angles of the neutron trajectory may be
determined using the alpha detector. Radial dis-
tance of the neutron from the fusion event is deter-
mined using timing information associated with
the alpha detection along with the fusion reaction
kinematics which give the initial speeds of the
alpha particle and neutron (1.3 and 5.2 cm/ns,
respectively).2 Thus the neutron is vector colli-
mated; combining this information with geometric
and timing information, data from ANI measure-
ments can be processed to generate elemental den-
sity maps within objects. A depiction of the

particle kinematics is shown in Fig. 2 for an ideal
case, where the alpha detector is 5 cm from the
hydride target.

Depending upon the configuration, the types of
measurements achievable with the associated par-
ticle technique can be classified into the following
sub-groups.

1.1. Cone analysis

These measurements utilize a single pixel detec-
tor for the alpha particle sensor to register when a
neutron is emitted within a cone of space created
by the solid angle defined by the alpha sensor
and target. A broad timing gate is used to correlate
alpha particles with measured gamma rays, limited
by the generators neutron production rate.

1.2. Cone slice analysis

This approach is similar to the regular cone
analysis, but employs either one small time gate
or a dynamic timing gate to bin gamma ray data
according to the calculated depth of penetration
of the fast neutrons in the object being analyzed.
This approach generates a data set of elemental
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Fig. 1. Diagram of geometry involved in associated particle
detection.
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Fig. 2. Kinematic diagram indicating relative distance traveled
by alpha particle and neutron following D–T fusion, applied to
an associated particle neutron generator with an alpha sensor
5 cm from the hydride target and with a 2 ns timing window for
gamma ray acceptance (Ideal case with 3.5 MeV monoenergetic
alpha particles and perfect alpha sensor timing).

1 We will refer to the helium ion in this case as an alpha
particle, since the D–T fusion reaction is by far the most
frequently exploited in APT applications.
2 c = 30.0 cm/ns.
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* Characteristic measured and recorded on the test ticket of each tube 
 

Description 
Window options 
Photocathode 
Multiplier structure 

Schott 8337B or equivalent, UVFS (-Q) 
Bialkali 
MCP chevron (2), 25 m pore, 40:1 L:D ratio 

Anode structure 88 array, 5.9 / 6.5 mm (size / pitch) 
Active area 5353 mm 
Package open-area-ratio 80% 

Photocathode characteristics Min Typ Max Unit 
Spectral range: 

Maximum sensitivity at 
200 

 
 

380 
650 

 
nm 
nm 

Sensitivity: 
Luminous * 
Blue * 
Radiant, at peak 
Quantum Efficiency 

 
50 
7.5 

 
 

 
60 
8.5 
70 
22 

 

 
µA/lm 

µA/lmF 
mA/W 

% 
Characteristics  Min Typ Max Unit 
Overall Voltage for 105 Gain *  1800 2400 V 
Total anode dark current @ 105 gain *  2 10 nA 
Rise time  0.6  ns 
Pulse width  1.8  ns 

Recommended Voltage Divider (not included) 

25µm MCP-PMT 
8x8 Anode 

53 mm Square 

Applications 
 Specialized Medical Imaging 
 Cherenkov – RICH, TOF, TOP, DIRC 
 High Energy Physics Detectors 
 Homeland Security 
 

 
 

 

Typical spectral response 

Typical gain curve 
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Outline (dimensions in mm) 
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Internal Connection Schematic – XP85012/A1 *  
 
 
 
 
 
 
 
 
 
 
 
 
Limiting values** Min Max Unit 
Cathode to MCPin voltage  500 V 
MCPin to MCPout voltage  2000 V 
MCPout to Anode voltage   500 V 
Overall HV when using recommended voltage divider  2400 V 
Total anode current under uniform illumination  3 µA 
Ambient temperature: 

Operating Temperature 
Storage Temperature (for extended periods) 

 
0 

-15 

 
+50 
+50 

 
°C 
°C 

 
* Custom or unfurnished external connections are available upon request.  
** Warning: Continuous operation at maximum ratings may result in shorter product life or unreliable performance. 
 
The information furnished is believed to be accurate and reliable, but is not guaranteed and is subject to change without notice. No liability is assumed by PHOTONIS USA 
Pennsylvania, Inc. for its use. Performance data represents typical characteristics and not specifications as actual, individual product performance may vary. Customers 
should verify that they have the most current product information before placing orders, and should independently test and evaluate PHOTONIS products for their intended 
use. 
No claims or warranties are made as to the application of PHOTONIS products or their suitability or fitness for any particular purpose. This document may not be 
reproduced, in whole or in part, without the prior written consent of PHOTONIS USA Pennsylvania, Inc. 
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Neutron	
  Energy	
  (E3)	
  vs	
  3He	
  angle	
  (θ4)	
  

•  Tagged	
  neutron	
  in	
  the	
  range	
  of	
  3He	
  recoil	
  angle	
  b/w	
  	
  60°	
  	
  and	
  120°	
  	
  	
  
•  Assume	
  90°	
  in	
  the	
  following	
  
	
  



Geometry	
  (parallel	
  recoil)	
  

•  Assuming	
  the	
  gun	
  inclined	
  by	
  45°	
  ,	
  parallel	
  recoil	
  (θR=	
  0°	
  )	
  
require	
  45°	
  degree	
  40Ar	
  scaeering	
  from	
  the	
  neutron	
  beam	
  
line	
  corresponding	
  to	
  88.6°	
  neutron	
  scaeering	
  

	
  
TPC	
  

45o	
  

45o	
  

88.6o	
  



40Ar	
  recoil	
  T	
  vs	
  40Ar	
  recoil	
  angle	
  

~130	
  KeV	
  recoil	
  



Geometry	
  (transverse	
  recoil	
  -­‐	
  1)	
  

•  Inconvenient	
  set-­‐up…	
  
	
  

	
  
TPC	
  

45o	
  

45o	
  



	
  
TPC	
  

Geometry	
  (transverse	
  recoil	
  -­‐	
  2)	
  

•  Beeer	
  one	
  

45o	
  

45o	
  



TPC	
  

Geometry	
  (transverse	
  recoil	
  –	
  
	
  top	
  view)	
  

•  Viewing	
  from	
  above	
  

Gun	
  

PM
T	
  

LSc	
  

88.6o	
  

45o	
  



40Ar	
  recoil	
  T	
  vs	
  40Ar	
  recoil	
  angle	
  

~130	
  KeV	
  recoil	
  (45°)	
  

~80KeV	
  recoil	
  (55°)	
  

~43KeV	
  recoil	
  (65°)	
  

~28KeV	
  recoil	
  (70°)	
  

2
APPARATUS

Detectors and Geometry

The experiment was performed at the University
of Notre Dame Institute for Structure and Nuclear
Astrophysics in two runs in June and in October,
2013. As many of the experiment details were iden-
tical to those described in our previous paper, we
have repeated the relevant descriptions from that
paper here for the reader’s convenience, adding
additional information pertinent to the current re-
sults when necessary. Protons from the Tandem
accelerator [11] struck a 0.20 mg/cm2 thick LiF tar-
get deposited on a 1-mm-thick aluminum backing
generating a neutron beam through the reaction
7Li(p,n)7Be. For the October 2013 run, a 0.1-mm-
thick tantalum layer was interposed between the
LiF target and aluminum backing to fully stop the
protons before they reach the aluminum. This re-
duced the intensity of g-ray background. The pro-
ton beam was bunched and chopped to provide
pulses 1 ns wide, separated by 101.5 ns, with an av-
erage of 6.3 ⇥ 104 protons per pulse. The acceler-

Proton Neutron Scattering Nuclear Recoil
Energy Energy Angle Energy
[MeV] [MeV] [�] [keV]

Ju
n

20
13

2.376 0.604 49.9 10.3 (10.8)
2.930 1.168 42.2 14.8 (15.2)
2.930 1.168 49.9 20.5 (20.8)
2.930 1.168 59.9 28.7 (29.0)
4.100 2.327 49.9 40.1 (41.5)*
2.930 1.168 82.2 49.7 (49.9)

O
ct

20
13 2.316 0.510 69.7 16.9 (16.5)

3.607 1.773 45.0 25.4 (26.1)*
2.930 1.119 69.7 36.1 (36.3)*
3.607 1.773 69.7 57.2 (57.6)*

TABLE I. Proton energy, neutron energy, and scattering
angle settings for the two runs. Note that the neutron
production angle was 25.4� in June and 35.6� in October.
To determine the nuclear recoil energy we performed a
MC simulation of neutron scattering in our apparatus
taking full account of all materials and the geometry of
the detectors. The first value in the last column is the
mean energy obtained by fitting the MC energy distribu-
tion with a Gaussian plus linear background. For inter-
est, we also show a second value in parenthesis, the re-
coil energy calculated directly from the scattering angle
using the center of the TPC and the center of the neu-
tron detector. Datasets marked with an asterisk (*) were
taken with the TPC trigger requiring the coincidence of
the two TPC PMT’s, see the text for details.

FIG. 1. A schematic of the experiment setup. q1 is the
neutron production angle and q2 is the scattering angle.
The inset shows a zoomed-in view of the TPC including
the PMTs, field shaping rings and PTFE support struc-
ture. It does not include the inner reflector.

ator pulse selector was set to allow one of every
two proton pulses to strike the LiF target, giving
one neutron beam pulse every 203.0 ns. During the
S2 studies, the pulse selector setting was modified
to allow one of every four, five, or eight pulses.
The settings for proton beam energy and scattering
angle used in the two runs and the corresponding
nuclear recoil energies explored are summarized in
Table I.

The design of the TPC closely followed that used
in DarkSide-10 [3]. The active volume was con-
tained within a 68.6 mm diameter, 76.2 mm tall,
right circular polytetrafluoroethylene (PTFE) cylin-
der lined with 3M Vikuiti enhanced specular re-
flector [12] and capped by fused silica windows.
The LAr was viewed through the windows by
two 3” Hamamatsu R11065 PhotoMultiplier Tubes
(PMTs) [13]. The windows were coated with the
transparent conductive material indium tin oxide
(ITO), allowing for the application of electric field,
and copper field rings embedded in the PTFE
cylinder maintained field uniformity. All internal
surfaces of the detector were evaporation-coated
with the wavelength shifter TetraPhenylButadiene
(TPB) which converted the LAr scintillation light
from the Vacuum UV range (128 nm) into the blue
range (⇠420 nm).

A hexagonal stainless steel mesh was fixed at
the top of the active LAr volume and connected to

SCENE	
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Geometry	
  for	
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  (other	
  angles)	
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To	
  be	
  conBnued	
  
•  Calculate	
  needed	
  angles	
  in	
  lab	
  frame	
  for	
  different	
  possible	
  

geometries	
  of	
  the	
  gun	
  to	
  TPC	
  geometry:	
  
–  Neutron	
  beam	
  angle	
  
–  Neutron	
  beam	
  energy	
  (?)	
  

•  Try	
  and	
  cover	
  the	
  interesBng	
  region	
  in	
  transverse	
  and	
  
parallel	
  recoil	
  with	
  the	
  limited	
  number	
  of	
  neutron	
  detector	
  
at	
  hand	
  

•  Which	
  recoil	
  energy	
  range	
  ?	
  
–  Sample	
  same	
  recoil	
  energy	
  at	
  different	
  angle?	
  
–  Sample	
  different	
  recoil	
  energies	
  and	
  different	
  angle?	
  

•  Fix	
  distances	
  (gun	
  to	
  TPC,	
  TPC	
  to	
  LSc)	
  and	
  set	
  opBmal	
  tube	
  
size	
  with	
  a	
  simple	
  toy	
  MC;	
  
–  A	
  simple	
  simulaBon	
  strategy	
  has	
  been	
  agreed	
  with	
  Mauro	
  
CaravaB	
  hope	
  to	
  have	
  something	
  to	
  show	
  soon	
  	
  


