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I.  General Background

The interest in practical applications of fast neutrons is gr
owing

because of their possible use in radiotherapy (treatment of cance
r),

-                  radiobiology and nuclear medicine.  Neutrons are availa
ble from many
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different types. of sources with energies from
10 to 10 MeV. The

most important fast neutron sources at present are: (d,t) ge
nerators

which produce 14 MeV neutrons, small cyclotrons with (d,n)
 neutrons of

about 8 MeV, and nuclear reactors with fission spectrum n
eutrons.  The

production of neutrons is almost inevitably accompanied b
y X- and

3-radiation, which increases the radiation hazard of occupational person-
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Figrola-t sources are capable of production of neutrons in a wide energy range

am TE, 6:#14W Xes#-Fla:d and some of them can be used for production of monoenergetic neutrons.

1 :falsial li
0 #dbo   hAO 3 The dosimetry of neutrons with unknown energies is very complicated sinceZ   -C o° -·* 9=.0i.+52:Eigh
-,    - '0   . 4.   C   k. =  O 2  2...C 0 0*C -O.

: the types of interaction of neutrons with matter vary with energy.< 2 -AZ.' OWS 
2    & 0   M   :   3  6    /:.&
1 :5:06%-EEP The neutrons are classified on energy intervals where ce

rtain
3-3922.323
:ZE da 340 :S f
 1111  27 : 0 3, interactions predominate . The lowest energy neutrons are called thermal

.S .EuS=*242 'ng:EM:321%
f:€8€EEZE) ' neutrons and at "room temperature" their most probable energy is 0.025 eV.

The dosimetry of this type of neutron is more deve
loped than the

dosimetry of other types of neutrons since the most imp
ortant interaction

' of thermal neutrons with matter is capture which usually is accompanied
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by the emission of 1-radiation and often the production of a radioactive

nucleus.  Neutrons in the energy range from about 0.5 eV to 10 KeV are

called epithermal or intermediate neutrons.  They are obtained by the

slowing down of fast neutrons by elastic collisions with the atoms of

the moderator. The intermediate neutrons interact with matter in

various ways.  Their absorption spectrum shaws resonant peaks which

means that at certain energies the probability of absorption is very

high.  The dosimetry of this type of neutron is of relatively low

importance since they are rapidly slawed to thermal energies.

Fast neutrons have energies above 10 KeV and their most important

interaction with matter is elastic scattering at lower energies and

elastic and inelastic scattering and nuclear reactions at high energies.

Fast neutrons with energies greater than 10 MeV are sometimes called

relativistic neutrons. Since their energy exceeds the binding energy

of nucleons their most important. interactions with matter are nuclear

reactions.  The dosimetry of fast and relativistic neutrons is very

complicated and relatively unsatisfactory (1).

There are two quantities which are most often used in neutron dosi-

metry: the absorbed dose *nd the neutron flux density from which the

absorbed dose can be calculated.  The absorbed dose is expressed in

rads (100 ergs/gm) if the energy spectrum of the neutrons is known.

This is a convenient unit since it is used for all types of ionizing

radiations.  The fact is that equal absorbed doses delivered by different

kinds of ionizing radiations do not produce the sbme biological effect;

consequently the concept of rem, which is defined as (rad) x (quality factor)

was introduced.  The quality factor (Q.F.) makes a qualitative

correction for the relative biological effect.  The main reason

for different biological effect due to the same absorbed doses of radia-
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tions of different types is in the energy deposited per unit length of

the path of the ionizing. particle.  This is usually called the linear

energy transfer (LET) of the particle.  A Q.F. of 1 is proposed for all

LET values up to 3.5 KeV k.  In the range from 3.5 to 175 Ke30 the Q.F.

is assumed to increase linearly from 1 to 20.  For LETs greater than 175

KeV » the Q.F. is assumed to be 20.

The other commonly used quantity in neutron dosimetry is the neutron
2

flux density, defined as the number of neutrons passing an area of 1 cm

in 1 second.

The accurate measurement of energy absorbed in biological materials

by exposing them to fast neutrons is p difficult problem and depends

on various factors:

1) energy spectrum and flux density of neutrons,

2) angular distribution of 'neutrons on the whole surface of the irradiated

object,

3) additional undesired radiation accompanying neutrons,

4) physical state and chemical composition of the irradiated object (2).

There are several detection methods currently available for inte-

grated fast neutron dosimetry.   They all have serious limitations, but the most

successful method has been the detection of radiation damage induced in

a solid by fast neutron bombardment (e.g. tracks in film or etched tracks

in insulators).  Various techniques for detection of damage sites will

be discussed in the next section. Some of the interactions of fast

 

neutrons with matter have been extensively studied but not from a dos-

imetry viewpoint.  The radiation damage of fast neutrons in solids and

biological materials is very complex and although a large amount of re-

search time has already been spent, the generalizations from simple examp
les
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to general cases were not very successful.

Since the most important interaction of fast neutrons with matter

is the elastic scattering from nuclei, and the amount of energy which

can be transferred by a single elastic scattering event is inversely

proportional to the mass of the scatterer, the hydrogen atom which has

the lowest atomic mass and a large cross-section arising from a nearly

bound singlet deuteron state, will be the most efficient scatterer for

fast neutrons. From this fact it is obvious that the material used in

fast neutron radiation damage studies should contain a lot of hydrogen

atoms.  This requirement agrees very well with the requirement for

tissue equivalency of dosimeters.  Since the human body has a large

percentage of hydrogen in its composition, the material used in absorbed

dose studies ought to have similar properties.  Hence, a high hydrogen

content dosimetric material has a double advantage; it is an efficient

fast neutron scatterer and is suitably tissue equivalent.

The goal of fast neutron radiation damage studies is to find the

defect sites produced by the interaction of neutrons with matter,

identify them, count them and from these data obtain some information

about the absorbed dose in the sample.  The identification of defect

sites is of interest in solid state physics for studies of interaction

of radiation with matter, and the information about the absorbed dose

has a great practical importance in radiation dosimetry.

On the average about half of the energy of the fast neutron is

imparted to the recoil proton in the elastic scattering event.  The

binding energies of electron to proton and of the hydrogen atom in the

molecule can be neglected in comparison with the energy of the fast

neutron.  In order to get a feeling for the number of damage sites pro-
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duced in the exposed material, a simple calculation is quite revealing.

Assume that a typical hydrocarbon sample weighing 1 gram is exposed to

fast neutrons and that 1 rad of energy is absorbed in the sample.

2          -12            14
1 rad = 100 erg/gm = 10  eV/1.6*10    gm = 0.5x10 eV/gm

Since the minimum threshold for production of one damage site must be of

the order of 10 eV, the absorbed dose of 1 rad can produce no more than

12
5x10 damage sites per gram of material.  On the other hand, since one

22
gram of typical hydrocarbons contains about 10 molecules, we can see

that the concentration of damage sites following 1 rad is very low in

comparison with the number of molecules in the sample, i.e., about one

10
damage site per 10 molecules.  This is an upper bound calculation and

the real relative concentration of damage sites is undoubtedly considerably

smaller.  That the calculation was made for the absorbed dose of 1 rad,

which is a relatively high dose, means that the detection of even lower

relative concentrations of damage sites is necessary if we. want the pro-

posed methods to be useful in personnel radiation dosimetry.  For real

systems, to measure an absorbed dose of 1 mrad, techniques would be

7
required to detect at least 10  damage sites per gram with a background

22
of about 10 molecules per gram of the sample.  We see that this means

15

a detection of a relative concentration of 1 damage site per
10 mole-

7

cules which is by no means a simple task.  Actually, of course 10  
damage

sites per gram is hardly a hopelessly small number; the prob
lem is the

15

masking effect of the abundant undamaged background, which is
10 times

as large in number.  The key problem then, for fast neutron dosimetry,

is to discover techniques which enable one to see only the damage sites

with minimal interference of the background.
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II. Detection Considerations

Concerned only with detectibility, one wishes a detection system

which minimizes randomly generated noise. Since room temperature thermal

energies correspond to about 0.025 eV, this consideration implies

detection phenomena of characteristic energies greater than tenths of

electron volts; examples of techniques thus indicated are optical methods

(such as those which are successful in various luminescence based dosi-

meters) and chemical reaction methods (such as those used in photographic

development and etched track techniques).  For best rare event sensi-

tivity with any general method one should, if possible, seek non-subtractive

measurement techniques in order to avoid the fluctuation noise characteristics

inherent in any probe source.  For example, suppose one performs an optical     ·644

absorption experiment with a source of intensity Io having a fractional

fluctuation af over the experimental measuring time. In an undamaged

sample one would measure, therefore, a signal proportional  to  I   x  (1   +  f) ,

and in a damaged sample where defect centers absorbed a small fraction,

d , of the incident light one would measure a signal of  1-d) x Io x (1 2 f .

The absorption signal is subtractive  and  sees  the full incident intensity' fluctua-

tions; absolute signal is proportional  to (dIot  2fIj.    Thus the signal  to

noise ratio is (d/2 f) so  that, in order to detect the absorption due to

defect centers one must stabilize the source so well that its fluctuations

are  smaller  than the fractional absorption  to be measured.     In c ontrast,

consider a fluorescence measurement where the fluorescence is photoexcited

by an incident source of fluctuating intensity  Io(1 t f) . Suppose the

same fractional absorption,  d , occurs and, subsequent  to each absorption

event, a fluorescent event is measured.  This fluorescence signal is non-
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subtractive; fluorescence signal is proportional to  dI  (1 i f) , and
thus the signal to noise is fl/f). For example, for a maximum defect center

absorption cross-section in a typical solid state absorption band a few

0                                                       12       3
hundred Angstroms broad,  even  the  one rad number  of  at  most 10 per cm

defect states in hydrocarbons would give a one cm absorption fraction of

-4
only about 2x10 . Consequently both the incident light :source  and

-4
sample quality would have to be stabilized to better than 10 in order

barely to observe the absorption signal.

The following paragraphs outline same suggestions for radiation

damage defect state detection based upon the considerations discussed

above.

1.  Photoexcitation Fluorescence

This phenomenom is utilized, for example, in silver activated meta-

phosphate (3) glass gamma radiation dosimeters where it is called radio-

photoluminescence.  Damage centers are frequently characterized by

optical excitation and emission bands easily distinguished from those of

the bulk material.  For fast neutron dosimetry purposes, different classes

of materials should be carefully surveyed for radiation induced excitation

spectra, and fluorescence spectra.  Some speculations on promising solids

for this purpose are given in the 'final paragraphs of this section.

2.  Metastable Exciton Properties

Many molecular organic solids exhibit long-lived mobile optical excitation

11      12

states (4).  Since these excitations may sample
10 or 10 different

molecular sites during their lifetime, the probability that they would

encounter a radiation damage site is relatively large.  A number of

interactions are possible; for example, the damage site may capture

the exciton with subsequent luminescent emission characteristic of the

-
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trapping site or the perturbation of the defect may relax selection rules

enabling the exiton to decay optically in contrast to its usual radia-

tionless decay mechanisms characteristic of the undamaged solid.

3.  Photoconductivity

Damage centers may have optical excitations which produce free charge

carriers in the normally insulating solid.  Although most insulators

have charge transport mobilities very small relative to the semiconductor

materials, survey experiments for photoconductivity are easily performed

as a routine along with other optical studies and should not be over-

looked.  Because of the solid state polarization problems characteristic

of many insulators, one.should use high frequency a.c. conductivity

techniques and null departure detection methods combined with phase

sensitive detection on optical modulation.

4.  Raman Scattering

In the Raman effect, incident light is scattered with a frequency shift

characteristic of the molecular vibrational properties.of the scattering

centers.  With the availability of intense coherent laser incidence light

sources, Raman scattering has recently been employed successfully in

detailed impurity center studies (5) in solids.  Raman scattering has

many of the previously listed desirable detection features.  First,

damage centers will be characterized not only by distinguishable vibration

frequencies, but also by the degree of electronic asymmetry upon which the

Raman cross-section depends very sensitively. Second, it is an optical

technique for which modern photomultipliers and counting methods give

remarkable noise rejection.  Third, it is non-subtractive because the

incident  probe light is at a frequency different from the detected
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scattered light; for example, typical C-H or N-H bonds give Raman splitting
-1

of 2000 to 3000 cm which guarantees ease of experimental discrimination

against stray incident  light.  In addition, with coherent optical sources

there are a variety of observable non-linear effects, e.g., stimulated

Raman emission, and these could be used for direct investigation of LET

characteristics of damage tracks.

5.  Rayleigh Scattering

High LET radiation damage tracks provide a local microscopic perturba-

tion of the solid's electronic polarizibility.  The damage geometry is

small compared with an optical wavelength on·the track cross-section,

but long compared with optical wavelengths along the track.  There would,

therefore, exist a variety of directionally dependent Rayleigh scattering

effects which might serve usefully', in principle, for dosimetry and LET

investigations.  It is a frequently used technique in'lecture demonstra-

tions, where one wants to demonstrate the path of a laser beam through

plastic models of lenses and prisms, to subject the plastic to high level,

high LET radiation doses.  After irradiation, the beam path is easily visible

to the students through the Rayleigh scattering transverse to the incident

beam.  This phenomenon should be quantitatively examined to determine

its dosimetry potential.·

III. Some Suggested Materials

1.  Ammonium Salts

Many ammonium salts can be easily grcwn into large optical quality

crystals.  The protons on the NH4 ion make these materials very hydrogen-

rich inorganic solids and therefore good candidates for large fast neutron
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cross-sections. In addition, antmonium-- ammonia conversions  due  to  ener-

getic ionizations are certainly very likely.  Ammonium sulphate is par-

ticularly interesting because of the possibility of sulphur neutron

activation dose measurements in the same sample.  Ammonium dihydrogen

phosphate is another obvious candidate because of the strong electric

effects associated with polar hydrogen bonds.  Photoexcitation fluorescence,

photoluminescence, and Raman scattering are all good analysis methods.

2.  Silver Activated Ammonium Salts

Silver sulphate and silver phosphate have crystal structures very similar

to the corresponding ammonium materials and, therefore, mixed crystals

could perhaps be easily grown.  The ammonium ions provide desirable fast

neutron cross-sections and the silver has striking,radiolysis reduction

properties (as are apparent in radiophotoluminescence dosimeters for gamma

dosimetry) to give stable radiation damage centers.

3.  Cyclic Hydrocarbons

Anthracene, for example, can be grown into optical quality crystals and

possesses many striking excitonic optical properties sensitive to impurity

states.  Preliminary experiments at this laboratory show that even such

relatively unsensitive techniques as triplet exciton lifetime and annihil-

ation fluorescence measurements do exhibit observable radiation damage

changes. These materials also admit substantial diffusion of interstitial

oxygen and are susceptible to radiolytic formation of quinones.  Anthra-

quinone, for example, has a strong optical absorption in the blue-green

and presumably associated optical emission properties.
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4.  Simple Grouped Organics

Examples are durene (tetramethyl benzene)  ;and  diphenyl.  · Both materials

crystallize into optical quality samples, are widely used as host materials

for other molecules or molecular fragments, and should be susceptible to

single-bond rupture to produce a variety of C-H fragments as radiation

damage centers.  Such fragments would have characteristic photofluorencence

properties with excitations likely in the near U.V. and far U.V.  It is

also likely that C-H fragment Raman scattering would be strong.  Stable

bond rupture centers induced by radiation are known to exist in covalently

bonded inorganics (6) and analogous effects should exist in these simple

organic crystals.
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