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Concept for a Neutron Spectrometer Based on Optical Detection of 3He(n,p)3H Reactions
in a Gas

J. E. Turner, R. N. Hamm, T. E. Huston, H. A. Wright, W. A. Gibson, and G. S. Hurst

Abstract. The conceptual framework is described for a new type of neutron spectrometer,
based on the recently demonstrated principle of optical detection of charged—particle tracks
in a gas. Whereas the elastic scattering of a neutron gives rise to the single track of a
charged recoil particle, the reaction 3He(n,p)3H produces an event in which two tracks
(those of the proton and triton) diverge from a common vertex at the capture site. The
optical detection method, which allows direct visualization of tracks, could be used to
distinguish between one— or two—pronged events. The measured total light output from an
absorption event would be proportional to Tp + T, the sum of the initial kinetic energies
of the proton and triton. Independently of its incident direction, the energy of the

absorbed neutron would be given by T = Ty + T — Q, where Q = 765 keV is the energy

released by the reaction.



INTRODUCTION

For the past several years we have been exploring ways to measure the numbers of
subexcitation electrons produced along the track of a charged particle in various volume
elements that span an ionization chamber. If the charged particle is a recoil nucleus
produced by a neutron interaction, then important dosimetric information, such as energy
deposited and linear energy transfer (LET) can be inferred from this information(l’g).
Hunter has proposed an optical device for making such measurements(B). The principle of
operation, which has recently been successfully demonstrated(4’5), is summarized in the
next section. In this paper, we show how such a device, incorporating 3He in the chamber

gas, can be used as a simple, directionally-independent neutron spectrometer.

OPTICAL DETECTOR FOR CHARGED-PARTICLE TRACKS IN A GAS

A charged particle produces a number of electrons along its path in a gas. These
electrons are degraded almost immediately to subexcitation energies, below the threshold
for electronic transitions in the gas. In the optical-detection chamber(3), the appearance
of a charged particle triggers an externally applied, highly damped RF field (~20 kV and 10
MHz). Before appreciable diffusion occurs, the subexcitation electrons oscillate in response
to the field, producing additional local ionizations and excitations of the gas molecules.
The net response of the device is the copious emission of photons in all directions from the
immediate positions of the individual subexcitation electrons in the particle track. Suitable
collection and imaging of the light (e.g., by using two digital vidicon cameras to scan the

chamber in perpendicular directions), permits reconstruction of track details for physical

analysis.

The detailed design parameters for several gases and chamber components are

presented in Ref. (3). We have constructed a preliminary device and demonstrated the



proof of principle by photographing tracks of alpha particles emitted from a radioactive

source(4’5). The pictures were made with a chamber containing a mixture of Ar with

several percent Xe at a total pressure of 58 kPa (500 torr).

NEUTRON SPECTROMETRY BASED ON OBSERVATION OF 3He(n,p)%H
REACTIONS

The cross sections for neutron interactions with 3He are shown in Fig. 1. For
neutron energies below about 100 keV, the elastic-scattering cross section is smaller than
that for the (n,p) reaction. In the MeV range, elastic scattering is more probable. There
is, in addition, a small probability (a few percent of the total cross section) that neutron
absorption will produce two deuterons, the threshold energy being 4.36 MeV. This reaction
will be neglected.

Elastic scattering of a neutron by 3He in a gas chamber produces a straight—line
track of ionizations from the recoil nucleus. In contrast, the (n,p) reaction following
neutron absorption produces the two straight tracks of the proton and triton, which emerge
from a common vertex at the capture site. Visualization of the tracks in an optical
detector exposed to neutrons will enable one to distinguish between the single—pronged
elastic—scattering events and the two—pronged absorption events. In the latter case, if the
initial kinetic energies of the proton and triton are denoted by T and T\, then the energy
of the absorbed neutron is given by T = Ty + Ty — Q, where Q = 765 keV is the energy
released by the reaction.

As seen below, with moderate chamber size and gas pressure, most tracks can be
contained completely in a gas. The amount of light emitted following an absorption event
is then proportional to the number of electrons in the proton and triton tracks(3). Thus

the amount of light emitted in a given solid angle is proportional to Tp + Ty; its



measurement, therefore, gives the value of T, the energy of the absorbed neutron.
Alternatively, the energies Tp and T can also be inferred individually from the observed
ranges of the particles in the gas in order to obtain T. (Commonly encountered "wall
effects" that occur in conventional proportional counters can be handled in the optical
chamber by rejection of events that are seen to involve tracks that intersect a wall.)

As an example, Fig. 2 shows the calculated tracks of the proton and triton following
capture of a 500—keV neutron by 3He at 29 kPa [250 torr]. (Further study is needed to
determine the range of optimum mixtures of He with other gases for the optical chamber.
For the present computations we used an available Monte Carlo transport code that we
developed earlier(l) for particle transport in methane.) In this example, the proton and
triton separate in the plane of the figure at an angle a = 139° with energies Tp = 900 keV
and T¢ = 365 keV, their sum implying that T = Ty + Ty — Q = 900 + 365 — 765 = 500
keV. The ranges of the proton and triton are, respectively, 1.7 x 103 g cm2 and
38x104gcm? or 74 cm and 1.6 cm in the gas at 29 kPa [250 torr]. Such a
two—pronged event would be distinguished in the optical chamber from the single—pronged
elastic scattering events.

As shown by the kinematic analysis for neutron reactions given in the Appendix, a
range of values of the separation angle « is possible from 180° down to a minimum that
depends on the neutron energy T. As the neutron energy decreases, the minimum value of
a increases, approaching 180°. Thus, with decreasing neutron energy, the vertex becomes
generally less and less discernible. In addition, the prongs become generally shorter.
Figures 3 and 4 show examples for capture of a 100—keV and a 10—keV neutron at 250 torr.
Again, the tracks are in the plane of the figures. In Fig. 4, the vertex is just visible. At

the low—energy extreme is capture of a thermal neutron. The proton and triton then come



off "back to back," with the unique energies, T, = 574 keV and T = 191 keV, and
a = 180°. The appearance of the capture event for a thermal neutron is shown in Fig. 5.

These figures illustrate how the appearance of the two—pronged capture event
approaches that of a single-prong, as would also result from the elastic scattering of a
neutron. For a neutron of energy T, elastic scattering from 3He produces a continuum of
recoil energies from zero to 3T /4. Since thermal capture releases 765 keV, all events with
light emission below this value are the result of elastic scattering and can be ignored.
Moreover, the track of a 765—keV 3He recoil nucleus, shown in Fig. 6, is quite different in
appearance from Fig. 5, although the same amount of light is emitted. The doubly charged
3He nucleus is much more densely ionizing than the singly charged proton and triton.

The tracks in Figs. 2—6 are shown to their best advantage, as it were, in the plane of
the figure. Viewed at 90° with respect to this plane, two prongs would appear along the
same siraight line and could overlap. In order to distinguish clearly between one— and
two—pronged cases, each event should be simultaneously observed from at least two

mutually perpendicular directions.

THERMAL-NEUTRON MONITORING

In some applications, only thermal neutrons are present; and one needs to measure
only their fluence or fluence rate. The track produced from capture of a thermal neutron
by 3He has a unique feature not found in a recoil track produced by elastic scattering.
Although the former is also a straight line, it is composed of two segments of different LET
that originate from the capture site. This structure can be seen clearly under high
resolution, such as that illustrated in Fig. 7, where the pressure is 0.58 kPa [5 torr]. Each
dot in the figure represents a subexcitation electron. (In principle, high—resolution digital

cameras could also be used with the chamber.) The capture site is near the center of the



figure. The less—dense track of the proton is seen on the right and the more dense track of
the triton on the left. For monitoring thermal neutrons with this detector, it is not
necessary for the track to be wholly contained in the gas. A straight track with two

different LET segments can be differentiated from any elastic recoil track that crosses the

chamber.

SUMMARY

Figures 26 indicate that the unique signature of the 3He(n,p)3H reaction should
permit useful measurements of neutron energies over the range from thermal to ~20 MeV
by optical means. Since the reaction releases 765 keV, a discriminator setting at this level
could eliminate a large fraction of the uninteresting elastic—scattering events from analysis.
Above that level, the above figures indicate that elastic—scattering events differ markedly
in visual appearance from the reactions. The energy resolution would be poorest, of course,
for low—energy neutrons. For absorption of a 10—keV neutron, the energy released relative
to that for thermal-neutron capture is only 775/765 = 1.013. Above 10 keV, this factor
becomes more favorable; the total track length of the proton and triton increases and the
two—pronged character of the event becomes more marked (cf. Figs. 3 and 4).

For monitoring slow or thermal neutrons alone, the observation of a track having

two distinct LET components, as shown in Fig. 7, should suffice.

APPENDIX
Kinematics of 3He(n,p)3H Reaction

Figure 1 gives directly the probabilities for the occurrence of a one— or two—pronged
event in 3He gas exposed to a neutron of given energy T. In addition, it is of interest to

know the probability distributions for proton and triton energies as well as the angles



giving their directions of travel. In this section we give some kinematic details about the
reaction under the assumption that the proton and neutron are emitted isotropically in
their center—of—mass coordinate system.

Figure 8 represents the conservation of momentum for the reaction as viewed in the
laboratory system. The total momentum is that of the neutron before collision, (2mT)%,
where m is the neutron mass. The proton and triton momenta after collision are also
shown, mp and m; being the masses of these particles. The scattering angles of the proton
and triton in the lab system are ¢ and ¢; the prong angle o = # + ¢ as it appears in the lab

system is also shown. The conservation of momentum and energy gives the three relations

J2mp’1‘p cos f + jthTt cos ¢ = J2mT (1)

To+Ti=T+Q . (3)

Quantities in the laboratory and center—of-mass systems are related by means of
the velocity—vector diagram shown in Fig. 9. Denoting the neutron and 3He masses by m
and M and the neutron velocity by v, we have for the velocity of the center of mass in the

laboratory system

. mv _ 42mT
Ve S mIMT = TmIM - (4)

For given T, the proton and triton energies Tp. and Ty in the center-of-mass system are
independent of the angles §; and #c. This can be seen by writing the conservation

equations in the center-of-mass system. From Fig. 9 we see that momentum conservation



requires that

Energy conservation in the center-of-mass system is expressed by writing
Thne + THeC = Tpe + Tie ~ Q, (6)

where Ty and THec are the neutron and 3He kinetic energies. Substitution of T, from

Eq. (6) into Eq. (5) gives

_mt(Tnc + THec + Q) 7
pc ™ mp + my ) (7)

In terms of velocities, Tpe = $mpvpc?, Tue = 4m(v—ve)?, and THec = $Mv.2 Making

these substitutions and solving for vpc? gives

2 m(v—v.)? + Mv?2 + 2Q

mp ’ (8)
mp[l + ™,

Vpc

showing that the proton energy in the center-of-mass system is the same at all angles and

depends only on the neutron energy T. In terms of this energy,

2 MT M
Vpe? = ml:,l(txgl > +mtﬂ($iM391 ' (9)

A similar expression holds for vic2, with m; and m; interchanged.
The relationship between the energies and angles in the two coordinate systems can

be found with the help of Fig. 9. For the proton we have



Vp sin § = Vpc sin gc (10)
and
Vp (0]} 0 = VC + vpC COS 0(; . (11)

Taking the ratio of both sides gives

Vpe sin 0(;

tan § = <=3 Vpe €08 O (12)

Coupled with Eq. (9), this expression provides a relationship between the proton angle 6,
the neutron energy T, and the proton direction . in the center of mass system.
Eliminating ¢ and Ty in Egs. (1) — (3), one finds that

ITpeos = —1 — [(mp+m) Tp + (m—mn) T —m.Q)] (13)

2ymmpT
which relates the proton energy and angle in the lab system for a given neutron energy T.

Solving Eq. (13), which is quadratic in Tp*, kgives
= 1 3
I'T_P- = -E-p—;—n-—it— { (mmpT) cos §

+ [mmpT cos? § + (mp+my) [(mt~—m)T + th”*} : (14)

(Here the positive radical in the quadratic formula has been chosen; setting mp = my = m
and Q = 0 then given the familiar recoil-proton formula, Tp = T cos? §, that characterizes

n—p elastic scattering.) Relations analagous to (10) — (14) apply to the triton.
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We next consider the probability P(Tp)dT,, that a proton acquires an energy in the
range from Ty, to T, + dTp, given the neutron energy T and assuming that the particles
are emitted isotropically in the center-of-mass system. Using this assumption, we may

write

Pﬂc (0c) d0c = 4 sin 0. df; = % d(cos 6) . (15)

Here P, (6c) is the probability density for isotropic emission, which is characterized by a
uniform distribution in cos #.. For a given value of 0., one can calculate tan # from Eqs.
(9) and (12), and then obtain Ty, from Eq. (14), thus fixing the scattering event uniquely.
For the probability P(Tp), on the other hand, one has

Po(Tp)dTp = Py (c)dbe = 4 —dic—}%;”ic)- dT, . (16)

The function cos f. can be written out and differentiated explicitly as a function of T} after
eliminating f from Eqs. (12) and (13). Following this procedure and using the mass values
mp = m and my = 3m for the reaction, one finds the simple formula

Pp(Tp) = —= . (17)

13T(3T+4Q)

As with n—p scattering, all possible values of the proton energy are equally probable for a
neutron of given energy T. The kinematic limits on T}, are given by Eq. (14) with 0 = 0°

(maximum) and § = 180° (minimum):

JTP)max =T +44 9T+12Q (18)
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and

The function (17) is normalized when integrated between these limits. Similar relations

can be found for the triton.

Whereas T, can be inferred either from the light output by the proton track or from
the range of the proton in the optical chamber, the angle § cannot be measured, since the
direction of travel of the neutron is unknown. The angle observed is that between the

proton and triton tracks, a= 0 + ¢. Given Py(Tp), we can obtain the probability
distribution in ¢, P a( @), by writing

P (a)da = Py(Tp)dT, = Pp(T,) X0 g 20
o{@de = Py(Tp)dTy, = Pp(Ty) g5° da, (20)

where it is implied that Pp(Tp) and T, must first be obtained explicitly as functions of a.
Since Py (Tp) does not depend on « [Eq. (17)], we need only to find T}, as a function of a.

Using Eq. (13) for # and its analogue for ¢ and substituting values for the masses, we have

4T, — 2T — 3Q

cos @ = (21)
21T,

and

cos ¢ = AT, —Q (22)

2[3TT,

These expressions yield
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sin o = sin (04¢) = UTTo-(T+3Q4T)7E (23)
2437, (T+Q-T,)

This equation, which is quadratic, can be solved for T as a function of sin a. After a

lengthy calculation of dT/da, we obtain

Pa(a): 2 8in a cos a

(4-3 sin2a) |T(9T+12Q)

x { [T_-g—sﬂ(l%m—«] [ 5T+6Q — 3(T+Q) sin?a

s [3cos a 372 + 4QT-3(T+Q)? sinta ]

—6(T+Q) * Is ~6T2-10QT-3Q 2+6(T+Q)? sin’a ]}

cos
13T244QT—3(T+Q)? s in2e
(24)

The existence of the two roots for a given neutron energy T can be understood from
Fig. 10. As explained in the caption, even when «; and «; are the same, the probability for
the upper example is not the same as that for the lower. Thus the analytic form for Pa( a)
is different in the two cases. The maximum proton energy Tp,max occurs when the proton
momentum is in forward direction, the same as P. Then a = 180° (§ = 0° and ¢ = 180°).
As @ increases, both T, and o decrease, until @ reaches a minimum. Thereafter, o
increases while T continues to decrease until it reaches its minimum value, Tp,nin, When
6 = 180° and o = 180°. The proton energy at the minimum prong angle agnin can be found

by differentiating Eq. (23) and solving the equation d(sin a)/dTp = 0. The result is
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T 2T+3
p,amin ( g?%-&?Q;‘ Q) . (25)

Substitution into Eq. (23) gives for the minimum prong angle for the reaction with a

neutron of energy T

T(3T+4Q)
I3 (T+Q)

Sin Opin =

(26)

As an example, when T = 500 keV, ayin = 157° and T = 662 keV. We see that, at

p,amin
low neutron energies, sin apin > 0; and 80 amin < 180°. As the neutron energy increases,
amin decreases; thus the probability for more evident prong structure increases. For very
large T, sin ayin = 1, and SO anin = 90°. The prong angle can never be less than 90°.

The normalized function Pa(a) is shown by the dashed curve in Fig. 11 for several
neutron energies. As explained in the caption, the top solid curve at each energy gives the

probability density when the proton is emitted with energy Ty, < T and the bottom

p,amin

solid curve gives P a(a) when Tp > T The negative sign in Eq. (24) is used for the

p,omin’
former and the positive sign for the latter. The different structure seen in the top solid
curve at 10 MeV compared with other energies should be noted. The curve for 50-MeV
neutrons (not shown) reveals that, as a further decreases toward ogin, the top solid curve

goes through a relative maximum at a > amin and then increases sharply again when o

approaches apin. The curves all diverge when a = apin.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Elastic—scattering and 3He(n,p)3H reaction cross sections as functions of
neutron energy.

An example of calculated tracks of the proton and triton for capture of a
500—keV neutron by 3He in a gas at 29 kPa [250 torr]. The proton and triton
tracks are in the plane of the figure, which covers an area 10 cm x 10 cm.
The energies are T, = 900 keV and T; = 365 keV, implying that the neutron
energy is T = 500 keV. The energy T, + T can be obtained by measuring
the total light output from the chamber in a given direction. Alternatively,
Tp and T, can be obtained individually by measuring the proton and triton
ranges.

Capture of a 100-keV neutron by 3He at 29 kPa [250 torr]. The calculated
tracks are in the plane of the figure.

Capture of a 10—keV neutron by 3He at 29 kPa [250 torr]. The calculated
tracks are in the plane of the figure.

Thermal—neutron capture by 3He at 29 kPa [250 torr]. The calculated
proton and triton tracks are in the plane of the figure.

Calculated track of a 765—keV 3He recoil nucleus at 29 kPa [250 torr], shown
in the plane of the figure.

Calculated track from thermal-neutron capture at 0.58 kPa [5 torr], shown
in the plane of the figure. The proton (less dense track segment) travels
upward toward the right. Each dot represents a subexcitation electron.

Conservation of momentum for the reaction 3He(n,p)3H in the laboratory

system.



Fig. 9.

Fig. 10.

Fig. 11.

16

Relationship of the proton and triton velocities ?p and vy and scattering
angles 6 and ¢ in the laboratory and in the center-of-mass coordinate
systems. Here v is the velocity of the center of mass in the lab system, %C
and vy are the velocities of the proton and triton in the center-of-mass
system, and . and ¢ give the directions of the proton and triton in the

center-of-mass system.

Two ways of conserving momentum for an incident neutron of given

momentum P. In the upper example, Tp > T ; in the lower, Tp <

p,amin’
p, amin’ In either case, P = Pp,; + Py = Ppy + Py, where P,y and P, are
the proton momenta and 15“ and Ptg are the triton momenta. When
a = a; = a3, the probability densities for the two examples are different,
even though the prong angle is the same.

Probability density Pa(a) as a function of the prong angle a for neutron
energies of 10 MeV, 1 MeV, 100 keV, and 10 keV. The top solid curve for

each neutron energy gives P a( a) when, as in the lower example in Fig. 10,

the proton is emitted with Tp, < T The bottom solid curve gives

p,amin’

Pa(a) when the proton is emitted with T, > T (upper example in

p,omin
Fig. 10). The sum of the two curves at each neutron energy is the dotted

curve, which is normalized to unit area.
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