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Figure 2.9 Map of neutron flux shows a definite collimation as the majority of 
neutrons (in red) are seen in the area in which the neutron tunnel is directed.  
 

Section 2.3 Detector 
 

 Once it was determined that collimation of the neutrons was successful the actual 

data collection could begin.  This experiment required the use of an EG&G Ortec GMX 

10 High Purity Germanium (HPGe) detector with an energy resolution of 2-3 keV.  It has 

40% effective detection relative to a 3”x3” sodium iodide (NaI) detector at 662 keV.  

Semiconductor detectors such as the HPGe detectors can be much smaller than equivalent 

gas-filled detectors because solid densities are some 1000 times greater than that for gas.  

While scintillation detectors provide solid detection medium they have a relatively poor 
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energy resolution.  The use of semiconductor materials as detectors results in a much 

larger number of charge carriers than is possible with any other common detector type.  

HPGe detectors have a 20-30x improvement in resolution as compared to that of sodium 

iodide detectors.18 Therefore, the best energy resolution is achieved using semiconductor 

detectors such as the HPGe.19 

 

 

Figure 2.10 – HPGe detector capsule diagram. 

 

The detector was placed at near 00, 450, 900 and 1350 with respect to the neutron 

beam axis.  Placing the detector directly in the neutron beam or at 00 would have resulted 

in severe damage, thus the near 00 position. 
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Figure 2.11  HPGe Detector at 450 position. 

A graphite sample was placed directly in front of the neutron tunnel (as indicated 

by the red arrow in Figure 2.12) and bombarded with the 14 MeV collimated neutrons at 

ten-minute intervals for a total of 40 minutes per detector position. 

 

Figure 2.12 Graphite sample at neutron tunnel surface. 

Graphite Target 
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LIST OF EQUIPMENT 
 
 

Manufacturer 
 

Description Model 

EG&G Ortec Amplifier 571 
 

Canberra HV Power Supply 3105 
 

ORNL Pulse Shape Discriminator Q6272 
 

Tennelec Amplifier TC 244 
 

Tennelec Power Supply TC 909 
 

MF Physics D-T Neutron Generator A325 
 

EG&G Ortec HPGe Detector GMX 
 

APTEC - NRC Multi-Channel Analyzer Mcard 5004 
 

ORNL Scintillation Detector Phoswich 
   
Dell Desktop computerq Optiplex 
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Section 2.4 Resolution Curve 
 

Resolution is a function of the detector and remains constant for a particular 

element throughout the experiment.  If Doppler broadening is occurring then the spread 

can be much larger than the resolution typical for a particular gamma ray detector.  A 

resolution curve for the detector was calculated to predict the location of the Doppler 

shifted carbon peak.   Gamma-ray spectra obtained during data collection was used for 

this calculation.   

Table 2.1 – Data collected during neutron interrogation of graphite at near 00 with 
respect to the neutron beam. 
 

Element 
Energy  
(keV) 

Actual 
(keV) 

FWHM 
(keV) FWHM/E 1/√E (keV1/2) 

Target near 0 
Annihilation 
peak 511 509.42 8.53 0.016693 0.044306 
Pb 2614 2612.53 8.52 0.003259 0.019565 
O 5108 5108.07 1.98 0.000388 0.013992 
O 5619 5625 8.15 0.001449 0.013333 
O 6130 6119.49 11.77 0.00192 0.012783 

 
To calculate the resolution of the 4438 gamma ray; lead, oxygen and annihilation 

gamma ray (511 keV) data were plotted and a trend line added to the graph to obtain the 

slope and y-intercept.  These were then be used to predict the resolution of the 12C 

gamma ray. 
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Figure 2.13 – Plot of lead, oxygen and nitrogen data from the near 00 position. 
 

 

The slope of the trend line is 0.4992 from the graph above.  Using this 

information we can determine the full-width half maximum (FWHM) of the 4438 keV 

gamma ray.  

 

0.49924438 ���−0.0056×4438 ���=8.4 ��� 
 

Based on these calculations the predicted FWHM of the gamma ray at 4438 keV is 8.4 

keV.  The graph of our data shown in Figure 2.9 tells another story. 

(keV1/2) 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Figure 2.14 The 12C gamma ray width (denoted by green markers) is 100 keV. 
 

The entire 4438 gamma ray lineshape is distributed over 100 keV.  It is evident 

that the FWHM is much larger than the 8.5 keV predicted.  Since this lineshape cannot be 

fit with a Gaussian function it is difficult to discern the exact FWHM.  This is evidence 

that the 12C gamma ray has broadened. 

Section 2.5 Angular Dependence 
 

Doppler broadening has an angular dependence.  During the experiment the 

gamma ray spectra were collected with the detector in four different positions with 

respect to the neutron beam; near 00 (position 1), 450(position 2), 900  (position 3) and 

1350 (position 4).  As mentioned earlier it was expected that upon neutron interrogation 
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the gamma-ray spectra produced in detector position 1 would be completely shifted and 

appear as in Figure 2.10 below.  The amount of shift would depend on the angle between 

the normal to the surface of the detector and the momentum of the gamma-ray emitting 

nuclei as given by the following equation.15 

��=�0+�0�cos� 
 
where β is the ratio of the velocity of the nucleus to c and θ is the aforementioned angle. 

 
Figure 2.15 Predicted spectrum from detector position 1 with “best case” 
assumptions described in text 
 

The spectra observed did, in fact, appear shifted as was expected.  Figure 2.11 

below is a diagram of the actual experimental set-up.  The varying colors of detector 

positions correlate with the spectral lines shown in Figure 2.12. 
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. 
Figure 2.16 Diagram of experimental set-up showing all four detector positions.  
Not to scale. 
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Figure 2.17 Spectrum for 12C at each of the four detector positions.  A shift to the left is clearly seen as the detector is moved 
from the 00 position to 1350 position.  The grey line indicates 4.438 MeV. 
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The gamma ray spectra at the 450, 900 and near 00 positions are much less separated, 

however there are indications that the broadened 12C gamma ray at 00 is shifted to higher 

energies than the 900.  Unfortunately, due to poor statistics in the spectrum we cannot 

prove this conclusively.  While we expected the 450 and 900 gamma ray spectra to be 

more differentiated it is not observed here.   

One reason that there appears to be a continuum of energies rather than a discrete 

peak could be the fact that the detector spans a range of angles as opposed to a single 

angle.  Our detector had a diameter of 7.62 cm and the distance between the detector and 

the graphite target was 6.35 cm.  Using the chord-length formula from geometry (s=rθ), 

the detector has an angular span of 51.90. 

Another reason is the fact that the graphite target is not infinitely thin but has a finite 

thickness.  A better result could be obtained by using a very thin target.  Use of a thinner 

target would greatly increase the necessary collection times. 

Womble et al7 predicted a maximum value of β to be 1.9%.  This β value was used to 

calculate Eγ for the near 00 (4522 keV) and 1350 (4509 keV) 12C gamma ray spectra.  A 

line was placed at the 1350 Eγ and the near 00 Eγ on Figure 2.12.  The Doppler broadened 

lineshapes fall within these two limits which indicates good agreement with the 

Womble’s prediction7.  
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Figure 2.18 Spectrum for 12C at the 450 and 1350 detector positions. 
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Figure 2.19 Spectrum for 12C at the 00 and 1350 detector positions.  The purple vertical line represents the 4378 keV minimum 
and the blue vertical line represents the 4522 keV maximum. 
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During data collection the only experimental parameter that was changed was the 

angle of the detector with respect to the neutron beam.  The gamma ray spectra shows 

there are different angular shapes at each of the different positions.  Therefore, it seems to 

be consistent with Doppler broadening.  As the angle is increased above 900 the gamma 

ray shifts to the lower energy range.  Angles below 900 causes a gamma ray spectra shift 

to higher energies than expected. The behavior of the gamma ray spectra is consistent 

with Doppler broadening. 
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Chapter 3 Conclusions 
 

In this thesis we have shown evidence that the 4438 keV gamma ray is Doppler 

broadened in the 12C (n, n’ γ) reaction. In order to prove this we bombarded a graphite 

sample with 14 MeV neutrons and collected 12C gamma ray spectra using an HPGe 

detector positioned at four different angles with respect to the neutron beam; near 00, 450, 

900 and 1350.  No other experimental parameter was changed.  The resultant gamma ray 

spectra indicated Doppler broadening had occurred. 

In the future, experiments using 14 MeV neutrons on light nuclei must use a 

resolution curve based on in-beam measurements.  Resolution curves created with 

stationary sources such as radioisotopes and thermal capture reactions do not take 

Doppler broadening into consideration 

Future research should also include experiments designed with detectors at angles 

other than 00, 450, 900 and 1350.  Experimenters must take into consideration the angular 

dependence of Doppler broadening.  Ignoring angular dependence could be detrimental to 

the experiment since a weak gamma ray lineshape is smeared over a large energy range.  

This could render a “false negative” reading as it will be difficult to discern the 

“smeared” gamma ray lineshape from the statistical variations of the background. 

Conversely, experiments or neutron-interrogation systems could be designed to 

take advantage of this effect; angular dependence, in theory, could lead to sample 

location.  For example, three detectors located at various angles with respect to the 

incident neutron beam would have three different gamma ray lineshapes for the 4438 keV 

12C gamma ray.  This would indicate the relative position of an organic material in space. 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The use of neutron beams with energies between 4 and 6 MeV should be 

investigated.  Bombarding the nuclei with 14 MeV neutrons creates much more kinetic 

energy.  Lower energy neutrons should help eliminate Doppler broadening.  

Work should continue with 16O showing that the 7.1 MeV gamma ray is Doppler 

broadened while the 6.1 MeV gamma ray is not.  This would confirm that 12C is not a 

special case.  The Doppler broadening occurs with other elements as well and the 

phenomenon is dependent on the life time and time of flight of the state of the nuclei. 

 Neutron-induced gamma-ray reactions are the primary means used in the 

nondestructive analysis of materials. Since 9/11, there is an expanded interest in using 

these reactions to detect explosives. Simultaneously, there have been great advances in 

the cooling systems of semiconductor gamma ray detectors which make their deployment 

more practical. These systems primarily detect the gamma rays from 14N. 

 Reference 20 presented the level scheme of 14N.  The stopping time of 14N from 

an (n, n’ γ) reaction in ammonium nitrate was calculated to be 1531 fs.  The lifetime of 

the first excited state (2.31 MeV) is 68 fs.  The lifetime of the first excited state and the 

stopping time of 14N is very similar to 12C.  Furthermore, this reference also presented 

what appears to be a Doppler broadened lineshape for the 2.31 MeV gamma ray from 

14N.  Future work should include determining whether the 2.31 MeV gamma ray is truly 

Doppler broadened which could prove valuable to the Department of Homeland 

Security’s understanding of Doppler broadening and the ramifications on explosives 

detection system performance. 

 Finally, new methods of data analysis must be designed to take advantage of the 

angular dependence making material localization a reality.  Gaussian fitting will not 
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work.  Based on this thesis a fundamental shift in the analysis of gamma ray spectra from 

the interaction of 14 MeV neutrons on light nuclei should occur.  To date, gamma ray 

spectroscopists have assumed the Gaussian shape (or the Poisson distribution) is the best 

model of the gamma ray lineshape.  Our work has disproved this. 

The question is:  What should replace the Gaussian lineshape?  This question can 

only be answered with continued research.  The somewhat random behavior of neutrons 

traversing a dense medium seems to preclude any deterministic solution.  A statistical 

model such as Monte Carlo could possibly be used.  A method of implementation is 

unclear at this time. 

The results of this research is to be presented at the 8th International Topical 

Meeting on Industrial Radiation and Radioisotope Measurement Applications, which will 

be held in Kansas City, Missouri (USA) from June 26 to July 1, 2011.  They are also to 

be presented at the Tenth International Topical Meeting on Nuclear Applications of 

Accelerators, AccApp ’11, which will be held in Knoxville, Tennessee (USA) from April 

3 to April 7, 2011. 
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