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1. ABSTRACT 

A Neutron MOnochromator. NUMO, for (.DJ) fusion diagnostics 

is described. The monochromator consists of a CH2 (n.p) converter 

foil, a sector-magnet monochromator, and Faraday cup detector. 

This system can be used to study some details of (DJ) fusion 

reaction history. 

2. INTRODUCTION 

Most of the techniques that are commonly used for 

measurement of (D.T) fusion in nuclear explosions are actually 

indirect measurements of the fusion reaction history. This is 

because direct and unperturbed measurement of the radiation 

produced by DJ fusion reactions is experimentally difficult to 

accomplish. Measurement of neutron emission provides one 

straightforward technique for studying fusion reactions, but 

thermal dispersion, elastic and inelastic scattering, finite spatial 
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extent, and other problems impose l imitat ions on the resolution 

that is achievable wi th this approach. Another commonly used 

technique is to measure the total gamma-ray flux from the 

reaction volume, but this technique is necessarily indirect because 

the vast majority of the zr radiation is generated by inelastic 

neutron scattering in the vicinity of the reaction volume. 

One new approach that is beginning to be used is to perform 

energy-resolved measurement of the 16.7-MeV 2f-ray flux 

associated wi th the (D.T) fusion reaction. Because % rays travel 

at the speed of l ight, this approach is dispersion free and 

minimizes the effect of the spatial extent of the source. However. 

the Zf rays tend to have low intensity ( the Ef-ray branching rat io 

is only about 10" 4) which makes them d i f f icu l t to detect in the 

high radiation background environments associated w i th nuclear 

explosions. 

Another approach is to perform energy-resolved measurement 

of 14.1-MeV neutron emission. A number of different diagnostic 

techniques have been based on measuring neutron flux, but they 

have only rarely had sufficient energy resolution to study details 

of the fusion reaction history. This is due largely to the 

cumbersome and expensive magnets that have been required for 

neutron spectrometers. However, improvements in permanent 

magnet technology and a renewed interest in detailed fusion 

diagnostics have motivated the design of a relatively simple 

neutron monochromator that can be used to obtain useful new data 

on (D,T) fusion reaction history. 
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3. DESCRIPTION 

The basic technique used for neutron detection in a NUMO 

diagnostic is collection of "knock-on" protons generated when 

neutrons pass through a CH2 "converter" foil (see Fig. 1). The 

absolute sensitivity of the technique is well known because the 

sensitivity depends mostly on the experiment solid angles and the 

(n,p) scattering cross section (known to better than 3%). The 

advantage of the NUMO technique is that it achieves good time 

definition at the source by using magnetic analysis of the "knock-

on" protons to detect only a narrow band of proton (neutron) 

energies. This approach not only rejects unwanted signal 

contributions from higher energy or lower energy neutrons, but 

also is effective at minimizing the thermal dispersion distortions 

that are associated with neutron signals. 

Figure 1 shows a NUMO design that gives a large net neutron 

sensitivity S of= 2E-27 coul per (ncident neutron while st i l l 

maintaining good overall time definition (At = 1 ns). The detailed 

response characteristics depend on details of the choices for a 

particular design, but most designs include the basic items shown 

in Fig. 1. Initial collimators define the source to be measured and 

the area to be exposed on the converter foil. The converter foil 

generates knock-on protons and the magnetic monochromator 

placed at the appropriate (n,p) scattering angle selects the desired 

proton spectrum. Finally, a Faraday cup, or possibly some other 

detector, measures the flux 0' scattered protons. A continuous 

vacuum vessel is required from the initial collimators to the final 

detector. 



NUMO: 
Component Arrangement roton detector 

Sector magnet U 0.8 T) 
(^ 2.5cm x 5 cm aperture) 

Vacuum vessel 

(n.p) Scattering foi l 
(a 25.4 ;im thick) 

Foil defining Collimator 
(= 2.5 cm x 5 cm) 

Source defining col l imator 

Source ( = 2.5 cm <p) 

Figure 1: NUMO: component Arrangement 
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4. THEORY 

Performance of the overallsystem is determined by a 

combination of a number of individual mechanisms whose details 

are discussed in the sections below. A complete evaluation of the 

system performance would require simultaneous incorporation of 

all of these mechanisms with a Monte Carlo calculational approach. 

This is beyond the purposes of the present report, but might be 

feasible in the course of an actual experiment. The approach that 

w i l l be used below w i l l be to estimate the rough order of 

magnitude of the importance of the individual mechanisms, and 

then to estimate the net effect of those wi th the greatest 

impact?. 

i) Thermal Dispersion 

This term describes the temporal spreading of a narrow 

pulse that occurs when the neutron energy spectrum has a f in i te 

spread of kinetic energies. This can be described in a couple of 

simple ways. First, the speed, v. of a neutron can be wr i t ten : 

/2E(MeV) , 
v = A / — = 1.384VE(MeV) cm/sec . (1) 

where E is the part icle kinetic energy and m the mass. The 

neutron time of f l ight, x, over the distance, d, from the neutron 

source to the detector is energy dependent and is given by x -



d/v(E). An initially delta-function-in-time pulse of neutrons 

having a spread in energy AE about a central energy E0 wi l l spread 

in time as it propagates. At distance d the detected width A t 

wi l l be: 

, v Z A E , v ] A E 

Ar(ns) = T - T - ~ 36.1 d(m) r~i = T — (2) 
2 Eo VEo(MeV) Eo 

This equation gives one basis for describing thermal dispersion of 

neutrons (or protons). For any realistic problem where the initial 

pulse has some finite form in time, the broadening wi l l represent a 

convolution over time and spectrum of the initial neutron pulse. 

However, Eq. (2) generally wil l be useful for estimating the rough 

sizes of the parameters for a particular system. 

One problem that has been solved exactly is the temporal 

broadening, A t , of a gaussian pulse of 14.1 MeV neutrons 

generated by a (D.T) fusion source with a finite temperature 

e(keV)1: 

At(ns) = 0.12067 d(m) Vs(keV) . (3) 

Equation (3) is sometimes called the "TENEX" equation, and 

although it does not represent the same thing as eqn. (2), it can 

serve as a useful point for comparison in practical applications. 
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ii) (n.p) Scattering 

"Knock-on" proton, or (n.p) scattering in hydrogenous 

materials is the basis of the NUMO neutron detection technique (as 

it also is with PROTEX and NUEX). Polyethylene (CH2) frequently 

is used as the converter material; and with a nominal density of 

0.92 g/cm 3 gives a hydrogen content of about 7.9E22 cm" 3 . or 

0,079 bunches. 

Since NUMO is an energy-resolved technique the overall 

system design must take into account the energetics of (n.p) 

scattering. The laboratory-frame differential cross section for 

(n,p) scattering is: 

/rnbarnsN 
(itirj= 2 2 0 c o s 9 s • ( 4 ) 

do"np (Tnbarns 
~dfl 

where e s is the scattering angle between the incident neutron and 

the scattered proton. 

The energy of the scattered proton, Ep, is given by: 

EP = En cos 26 3 . (5) 

This equation is important for determining the scattered proton 

energies that ultimately wil l be analyzed by the magnetic 

monochromator. The scattered proton spectrum is a function of 

the incident neutron spectrum and the (n.p) scattering angle. In 

addition, when there are finite incident and scattered solid angles 

dQ\ and dQs. respectively, then an additional broadening is 

introduced into the scattered spectrum. These details incorporated 
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in a NUMO design, because the additional spectral broadening wil l 
influence the ultimate time response of the system (through 

Eq.(2)). 

Thus, the scattering geometry becomes a key factor in the 

overall design. On one hand, the highest sensitivities are obtained 

by using the largest possible solid angles dQ: but, on the other 

hand, the solid angles must be restricted in order to obtain the 

desired overall system energy (time) resolution. The overall 

efficiency of the system wil l contain the product dQi*dQs . and 

this product generally can be optimized by choosing a symmetric 

geometry where dQj= df l s . Before studying a specific geometry, 

note that, from Eq. (5) = 

-=-*•= -2 (tane s)Ae s . (6) 

where Ae s is the range of scattering angles that is possible with 

a particular geometry. For a given desired AEP/EP , eq. (6) 

restricts the allowable A9 S to: 

-1 fAErA 
A e^2Tta7^T(lfJ " <6a) 

One solution to the problem of optimizing the dQ, consistent 

with eq. (6a). is illustrated in Fig. (2). Here, a rectangular 

scattering foil allows relatively large dQj and dQs without giving 

undesirably large ABS . The foil is tilted by an angle Sf about the 

y-axis, and Ss is defined in the x-z plane. For neutrons originating 



Figure 2: (n,p) Scattering Geometry 



in area "S" and scattering a proton from point T" into area "D" the 

maximum deviation A8 S = 9F - Qs wi l l occur 3i foil corners and 

wi l l be given approximately by: 

h*cos(6t-es) w 2 cote s 

Ae s ~ ^ * W*~~2~ ^7' 

This result can be used to determine the f oi l W and h that can be 

used and st i l l give A9 S consistent with eq. (6a). Note that in 

order to increase the solid angies dD for a given Ae s , the foil 

wi^th "W" can be rruch greater than the height "h". Often, the 

system uverall efficiency wil l be near maximum if the diameters 

of the <-njrce "S" and the detector area "D" are comparable to "h". 

i i i) Proton Scattering in Foil 
Another process that must be considered is the effect of 

scattering of the 'knock-on" protons as they escape from th? 

converter foil. These scattering events wi l l deflect the protons 

and reduce their energy. There is no simple equation that can 

describe the deflections, but it can be calculated in terms of 

Moliere's multiple scattering theory.2-3 

Figure 3 shows the calculated angular spreading of a proton 

beam after passing through a CH2 foi l . A collimated beam is 

scaitered into a conical distribution with characteristic half-angle 

8 i / e . A cone with half-angle of 26 i / e wi l l contain over 93% of the 

total flux. Thp calculations hows that for a 25-jjm foil 6 i / e = 

0.005 rad - less than the 0.01 rad limit that applies here tc the 

NUMO (see eq. (7) below). Furthermore, on average scattered 
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protons wi l l "see" only half of the foil thickness because they are 

generated radomly throughout the foil volume. 

A r 
n a 
9 d 

I i 
e a 

n 
s 

0.025 

0.02 

0.015 

0.01 

0.005 

> 

10 MeV Proton Scattering in CHn 
. • • • • 

^ 

•+' \s* 
/ 

0 -
• 
• 

0.01 0.02 
CH2 Foil Thickness (cm) 

0.03 

Figure 3 Proton deflection by scattering in CH2 foil 

Loss of energy to inelastic collisons also is important. From 

Janni's tables/ the rate of energy loss in nominal density CH2 by 

protons with energy between 5 and 10 MeV can be written as: 

~ = 292.32 * ( E p ( M e V ) ) " 0 - 8 0 5 4 MeV/cm (8) 

As protons are scattered from random points in the CH2 foil, they 

wi l l lose different amounts of energy. The resulting spectral 
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broadening is minimized by minimizing proton pathlengths in the 
CH2. From this point of view, it is advantageous for the foil to be 

oriented so that its normal is parallel to the foil-detector axis. 

However, an orientation that has the normal parallel to the source-

foil axis wi l l tend to minimize the angular broadening (eq. 7). 

Thus, the final choice for foil orientation must consider the 

complete "system. 

iv) Magnetic Monochromator 

The sector magnet monochromator analyzes the proton 

energy and focuses the desired spectral band onto the detector. 

The magnet design is very simple, the protons propagate freely out 

of the plane, and are focussed only in the plane of deflection. The 

crucial feature of this component in that the "inherent" 

spectrometer energy resolution must be better than 2%. This is 

not a trivial requirement, given the relatively large acceptance 

aperture of the magnet. However, the desired performance should 

be achievable with commercially available magnets, although thin 

pole pieces may be required to smooth the field profile. 

Deflection of protons by a magnetic field is described by the 
equation: 

P ( c m ) - M - 4 ? BTfislaT • ( 9 ) 

where p is the radius of curvature of the proton path. In a sector 

magnet monochromator. protons originating in a source plane are 

deflected through a characteristic angle tp (30° in the present 
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design) and focussed onto a detector plane. For the NUMO being 
described here. 10.6-MeV protons are bent by a 0.8 T field with p 

= 59 cm. 

The sector magnet acts as a cylindrical thin lens with an 

energy-dependent focal length that is proportional to the proton 

radius of curvature. In the simplest case the "thin lens" focal 

length, f. is: 

f = p cotcp . (10) 

A good practical description of the behavior of these systems is 

contained in the papers by Cartan.5 Cotte,6 and Cross.7 In addition 

to describing the various different focal characteristics, they give 

a description of the inherent resolution of an instrument in terms 

of the source spatial and angular widths, and the uniformity of the 

magnetic field. The equations describing these characteristics are 

too cumbersome to discuss here, bat Appendix I gives a brief 

introduction to them. The equations are simple enough to program 

on an HP-67. or equivalent. The NUMO originally was designed 

with this approach: a few iterations yielded a magnet design that 

f i t the instrument requirements nicely. The equations also have 

been written into a much more convenient EXCEL spreadsheet. As 

a final check, graphical ray tracing was used to verify the optics 

of the design. 

Figure 4 gives a schematic diagram that illustrates the 

optics of the NUMO sector magnet. Note that there are two focal 

planes: a spatial focus plane, and an angular focus plane. These 



Detector Position 

Spatial Focus 

Angular Focus 
14 

Sector Magnet 

CH2 (n.p) Converter Foil 

Figure 4: NUMO Magnet Geometry 
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two planes represent focal positions for a spatially extended, but 

perfectly collimated (non-diverging) source versus a diverging 

point source, respectively. The best location for the NUMO proton 

detector is located somewhere between these two planes. The 

position chosen wi l l represent a compromise between the two 

perfect types of focussing, and the position can be chosen to match 

the desired instrument performance. The equations cited above can 

be used to predict the overall performance for any chosen detector 

position. 

v) Proton Detector 

The final component required for the NUMO is a detector 

for the analyzed protons. Depending on the source, a simple "NUEX 

type" Faraday cup may give adequate sensitivity for the 

experiment. If a Faraday cup does not yield enough signal, then a 

detector with gain is required. Unfortunately, PIN diodes are the 

only detector that we have routinely available for this application, 

and their gain ( typically greater than 106 ) is probably too high to 

be useful. We currently are pursuing the development of a 

moderate-gain (6 =10 - 10*) photcconductor-type detector that 

would be useful for measurements of this kind. 

5. ANALYSIS 

A prediction of the performance of a NUMO design must 

include two main factors: the overall neutron sensitivity, .̂nd the 

system time response. The sensitivity is straightforward to 

calculate, and depends mostly on the solid angles of the system 
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and the (n,p) scattering cross section (eq. (4)). The system time 

response is more di f f icul t to determine. For a good approximation, 

the sum in quadrature of broadening due to thermal dispersion in 

the twr) main particle paths in the system can be used, "mis 

approach w i l l be used below. A Monte Carlo calculation of the 

system t ime response may be possible w i th a variation of the 

"CAPTAIN" code, but the code currently is not available for this 

application. 

i) Overall Sensitivitu 

The overall system sensit ivi ty, S, can be wr i t ten: 

S = , l i l s * (NH<5 n pdx)*AQm , ( n ) 

where AQ s i s the solid angle fraction subtended by the active area 

of the converter fo i l . NH is the hydrogen density of the fo i l , o n p is 

given by Eq. (4), and A O m is the solid angle (in steradians) 

subtended by the magnetic moncchromator. For the NUMO shown in 

Fig. 1: 

2.5cmx5cm 

( barnsv2.5E-3cm 
N H d n p dx = (0.079 bunches) 0 . 2 2 c o s 3 0 ° - ^ r j c o s 5 Q o 

protons 
« 4.35E-5 neut-ster 
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2.5cmx5cm 
A Q m = ( 2 1 0 j j — = 2.83E-4 ster 

coul 
S s 3.14E-32 source neutron 

ii) Time Response 

Equation (2) is the basis for calculating the temporal 

broadening. For the neutron flight path from the source to the CH2 

fO l l : 
1 

A r , = 36.1(2.5 m)-. —(0.02) 
^M.IMeV 

= 0.5 ns . 

This estimate has just used a "generic" value of .02 for AE/E , and 

this is probably adequate for the present application. For the foi l -

to-detector path, the AE/E can be estimated more rigorously. 

There are contributions for the range of (n,p) scattering angles 

accepted by the monochromator ( eqs. (6) and (7)). and 

contributions from energy loss in the foil. For the angular portion: 

h W2 cote s 

/2.5>| (_5 j£ cot30° 
[25oJ * ^250 

= 0.010 , 
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and from Eq. (6): 

(' 

AE\ 
£-1 * 2 tan30°(O.O11) (6) 

as 0.012 

And for broadening due to energy loss in the foi l , eq. (8) gives 

f AE\ f(292.52)<0.15) 
(—Ir * ( ° - 0 0 2 5 ) [ E J (12) 

= 0.012 . 

The rms of the AE/E terms become: 

AE 
E -a 0.017 . (13) 

This is less than the nominal 2% resolution of the 

monochromator, so that the foit-to-detector broadening can be 

estimated using a 2% width with the 10.B MeV scattered protons: 

A r 2 = 36.1(3.6 m) , M0.02) (14) 

Vl0.6MeV 

a 0.8 ns , 

and the rms of A t , and Az2 gives: 

Ax a 0.93 ns . (15) 
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ii i) Overall Enerau Resolution 

Finally, the overall energy resolution of the 

monochromator can be estimated. The resolution wi l l be quoted as 

a fractional spot size Ax/p at the desired focal plane. The spot 

size can be described as being due to three different terms: 1) the 

in-plane width of the source (the CH2 foil), 2) the angular 

acceptance of the magnet aperture,-and 3) the energy dispersion 

effects associated with the incident proton spectrum and magnetic 

field inhomogeneities. 

For the design being discussed here the focal spot size, Ax s , 

associated with the width, W, of the scattering foil is given by 

(the "S" term in eq. (A2a))= 

Ax s s 0.134W = 0.010 . (16) 

For the angular contribution, the incident divergence angle (A9= 

W7250) gives a contribution Axe given by (from "o<" in eq. (A2)): 

Ax e = 1.76(W/250) = 0.042 . (17) 

For the energy term A9E the total scattered width of 0.017 (eq. 

(13)) wi l l be used, and magnetic field inhomogeneities wi l l be 

ignored to obtain ("0" in eq. (A2)): 

Ax E = 1.13CAE/E) s 0.023 (18) 
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These contributions occur simultaneously so that the net effect 
can be approximated as the RMS of eqs. (15), (16), and (17): 

Ax « 0.047 . (16) 

This corresponds to an effective resolution of 4.7^ - considerably 

larger than desired. Note that the largest contribution, Axe is 

four times Ax s and two time AXE. A more efficient jrrangement 

would have roughly equal contributions from the three terms. In 

the present case, if the magnet-to-detector distance is changed to 

150 cm and the foil width W and the magnet aperture width are 

reduced to 2.5 cm, then the three contributions become 0.01 7. 

0.016, and 0.024. respectively, with an RMS of 0.033. This brings 

the resolution close to the desired value, but also reduces the 

NUMO sensitivity by a factor of four. This illustrates the type of 

choices that must be made in designing a NUMO for a particular 

application. 

The approach described above wi l l characterize the rough 

performance of a NUMO. For an actual experiment, more detailed 

predictions wi l l be desirable, but these should include not only 

Monte Carlo descriptions of the NUMO transport (perhaps with the 

CAPTAIN code), but also detailed descriptions of the source size. 

time dependence, etc. The tools for performing these evaluations 

already exist and they are only waiting for an appropriate 

opportunity to be used ,n this fashion. 
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6. APPENDIX 

The equations describing the behavior of sector magnet 

spectrometers are relatively simple and allow the design of 

magnets for a variety of specific applications. Figure 5 defines 

the parameters required for describing the spectrometric behavior 

of a sector magnet. Here, all distance are expressed in units of 

the radius of curvature, p, for the charged particle. 1" and l" are 

the distances from the particle source to the magnet and the 

magnet to the detector plane, respectively. <p is the nominal angle 

through which a particle is bent by the magnet, and EJ and e 2 are 

the off-normal angles of incidence and exit with the magnetic 

field, respectively. The angles e, and e 2 have the effect of 

inserting vertical (out of page) cylindrical lenses into the design. 

This allows vertical focusing, or imaging, to be incorporated into 

the design. For ei=e2=0 this effect does not occur and particles 

are assumed to propagate freely in the vertical direction. 

For a particular design, the magnet performance is defined by 

calculating the width D that results from a source having spatial 

transverse width S, angular divergence o<, and fractional energy 

width 0. If necessary, magnetic field inhomogeneittes can be 

expressed as an apparent energy broadening with the ji term. For a 

source haveing distribtuions of each of these terms, the net width 

can be estimated as the rms of the three terms. The equations 

below determine spectrometer characteristics for any given 

design, and they represent first order solutions to the equations of 

motion for particles in the specified geometry. 



Figure 5 Spectrometer Parameters 

From Cartan's paper we define the parameters 1: 

I'sinQ cos(<P-e2) 
p ~ cos 2 e 1 " cost ! 

PsinQ costcp-Ej) 
^ = cos 2 e 2 " cose 2 

where Q = «p - E , - E 2 

(Ala) 

(Alb) 

CUc) 

Then: 

/(1 -pq)cosE1cose2'\ ( cose 2 

*[ ^F; 1- s h; 

+ p l " 

sinQ J " Hcose-, 

f2cose2sin(<p/2) 
sinQ (cos(e 1-(p/2) + qcos(e2-<J)/2)) . (A2) 



Two different useful types of focal lengths can be derived 

from these equations. For focusing of a diverging point source, the 

"of" coefficient requires p=1/q to give an "angular" fecal length. l£: 

l<v = cose 5 

f ^cos{<p-ei)^ 
sin<JM' „ e c ' 

T I COSEj 
i sinQ 

^ ' COSET 
cos(^-e 2) 

(A3) 

J 

For focusing of a perfectly colimated source of dimension S, 

the "S" coefficient requires q=0, or : 
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C O S E J C O S C I P - E T ) 

sinQ <A4) 

For focusing in the vertical plane, Cotte gives5: 

(P + rd-^ tane, ) 
r(tanE, +(1 -cptane1Kane2) -0-<ptanE2) 

(A5) 

Finally, for simultaneous horizontal and vertical focussing 

Cross gives, with 1' and t^ specified, a "double focal length, l^ 6 : 

]«--2l^-w-if^y -and (A6a) 

e 2 = t a n - i ^ f t a n ( ( p - ^ ) ^ _ c o t T i j j , where (A6b) 
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\ji = tan-'ftane!*- TT) and (A7a) 

T\ = tan-^ tane, - TT] . (A7b) 
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