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A g:J
0 ~e NEU.l'RON SPECTROMETER 

by 

w. K. Brown, A· N. Ellis, and D. D· Peterson 

ABSTRACT 

A fast ~e neutron spectrometer has been 4eveloped that . . 
is free of recoil spectrum effects. Positioning solid-state 

~etector~ out~iq~ th~ n~t~on b~~ ~t 90° Y1~~ th1g ~
vantage, and precludes nuclear reactions in the detectors 

themselves. Operating in conjunction wit? a pulse-h~ight 

analyzer, the spectrometer covers the energy range 0.1 < E 
. n 

< 6 MeV, or h~her, with an energy resolution of - ±l<Jit,. In 

a t~of-fllght, current signal operating mode, the energy 

range is extended to very low neutron energies. The spectrom

eter was useq in the latter manner to measur~ the neutron 

spectrum of the Persimmon experiment conducted at the Nevada 

Test Site in February 1967, 

1. INTROD~TION 

For the Los Alamos time-o:f-:flight neutron cross

section measurements using an underground nuclear ex

plosion source, it is important to have a neutron 

spectrometer capable o:f accurately measuring the 

spect~ over a wide energy range. The spectrometer 

described .-in this report was conceived to improve 

upon the nLi(li, CX)l' ahd ?.35U(n, t') spectrometers in 
1 . use. The spectrum from the explosion source, with 

an intervening moderator, extends from - 10 eV to 

several MeV. The 6ti(n, a)T spectrometer is limited 

to energies below - 10 keV due to uncertainties in 

the 6ti cross section_above this point. The 235u 

(n,f) spectrometer covers the energy range above- 1 

keV; the limit arising because o:f increasingly large 

fluctuations in the cross section below this energy. 

T.}le search :for a better spectrometer led to one 

based on ~he ~e(n,p)T reaction. ' This reacti~n 
o:f:fers several advantages: It could be seen that 

there was promise o:f covering the entire energy 

range with a ~e spectrometer. The reaction ener"gy 

is high·enough to Provide a healthy signal-t~noise 

ratio; and the smooth, slowly varying cross section 

is well known. The :fact that . ~e is an inert gas 

ensures uniformity of the material in the beam and 

permits the atomic density to be determined accu

rateiy by a siMfle pressure-temperature measurement. 

A d1sadvantageor· 3He.spectrometers is the 

presence o:f the 3~e recoil spectrum from the elas

tic scattering r~action. Although two methods 

have been.devised to eliminate this bothersome 

factor, 2- 5 b~h have drawbacks. If the spectrom

eter could be designed so that its response was 

dependent onl~ on particles emitted at an angle of 

90° (or more) to the neutron beam direction, then 

recoiling 3He nuclei woul~ have no effect; Such 

a system, sensitive only to pSfticles in a limited 

solid angle at 90°, would necessarily have its 

efficiency reduced.by a :facto~ o:f, perhaps, 100; 

but this would be acceptable because of the high 

5 



intensity of the neutron beam from the nuclear ex

plosion. The biggest unknown in the performance of 

such a spectrometer was its response to the back

ground present in the experiment. Not much is 

.known about this background; but, typically, it is 

high following the gamma flash from the S()urce, de

cays with a time constant of 5 to 6 ~sec, and is neg

ligib~ smaD. below - 10 keV neutron energy. There

fore, it was not known if the foreground-tO.:back

ground ratio would be large enough at high energies, 

nor·was it known if the background could be ade

quate~ measured. 

2. PRmGIPLES· 

The spectrometer was conceived as a flat cylin

drical vol\lll]e through which the beain wOuld pass, on-
. . 

axis, through thin windows. Small solid-state de.-

tectors, connected in parallel, would ring the pe

riphery of the cylinder inside ·the gas envelope at 

90°. In the energy range of interest,' three re

actions take place in ~e: 
3He(n,p)T 

~e(n,n)~e+ 

~e(n,d)D '1nd - - 3· 27 MeV 

(Eth = 4. 36 MeV) 

In addition, at higher energies two other reactions 

are known: 

~e(n; p,n)D 

3iie(n; p,2ni~ 

Eth- 7·3 MeV 

Eth.- .J.u.:; M.ev· 

It was felt that the two higher-energy reactions 

would not interfere, but certai~ tpe (n,d) reac

tion and the contribution of th.e. pro.tons .and tritons 

from the (n,p) reaction should pe.inves7i~ated. 

In the laboratory system, the "vario~ particle 

energies are: 

(1) 

(2) 

(3) 

6 

(4) 

where q>L is the. laboratory emission angle of the 

particular particle in each case. 

Limiting the spectrometer response to particles 

emitted at cpL = 90° yields: 

En 3 
EPL (90o) =~+'Ij:~p 

(~ = 0.573 Mev) ,p. 

ETL (90o) = ~ 

(5) 

(6) 

(7) 

(8) 

Two facts are immed:i,ate~ apparent: First, deuter

ons from the (n,d) reaction cannot reach a detector 
0 . 

at 90 unless the initiating neutron has an energy 

En·~ ~d or 6.54 MeV. Thus, the range is extended 

~d to this. energy without exry complication. 

Second, tritons from the (n,p) reaction emitted at 

90° have an .energy of ~/4 regardless of the ini

tiating neUtron energy. This advantageous situ

ation is discussed in Section 7• Briefly, as it is 

cles:l1-a1Jle ·tu ~~~~:~;K:l.mize \e pressure tu a·tt.a:ln l1igl1 

efficiency, tritons will inevitably lose a large 

fraction ·or their initial energy in the gas as· well 

as in the detector windows. It is convenient to 

adjust the ~e pressure so that tritons are stopped 

completelj, resulting in an unambiguous and simple 

dependence of the spe~trometer response on protons 

alone. 

In any case, the ~e pressure limit is reached 

when an appreciable part of the proton energy is 

loot in the gno. This criterion limits the ~~ 
pressure to a few t'enths of an atmoSphere--down 

roughly ~ factor of ten from typical high-pressure 

~e proportional counters now available. 

The result of this design is a fast-response 

spectraneter having a spectrum uncomplicated by 

competing reactions up to 6 MeV. The price paid 

for these features is a reduction in efficiency of 



about 103 with respect to other 3He spectrometers. . . 

The reduction is a combined effect of limited solid 

angle of particle acceptance and limited 3He pres

sure .. However, in our particular application of the 

spectrometer to explosion source beams, the reduced 

efficiency of the 90° design is not a disadvantage 

pecause of the high neutron intensity. 

3· COUNTER DESIGN 

The criteria for counter design are as follows: 

1. The reaction-site-volume/detector combina

tion must subtend as small an angle as possible to 

limit both the energy spread of the protons reaching 

the detectors and the maximum triton energy that 

must be stopped. A collimator must be interposed 

between the beam and the detectors to define the 

angle. 

2. The ~e pressure must be as high as possible 

for high efficiency. The limit is reached ~t the 

point where protons lose an appreciable fraction of 

their energy before striking the solid-state detec

tors. 

3· Detectors are placed in a circle around the 

beam to detect a larger fraction of the protons 

emitted at 90° and to make the spectrometer insensi

tive to off-center passage of the neutron beam. The 

detectors must be located outside the beam at a dis

tance well away from its fringes to avoid nuclear 

reactions in the detectors themselves. 

4. The solid-state detectors must have a sensi

tive layer thick enough to stop protons of the high

est expected energy. The detector windoi.ts must be 

thin enough that they will not remove an exceosive 

amount of energy from the protons. 

5· The spectrometer windows must be as thin as 

possible to minimize interference with the beam, yet 

strong enough to hold 1 atm inward pressure (during . 

pumpout prior to filling) . The windows must be large 

enough to accept the entire neutron beam, but no 

larger than necessary. To eliminate background con

tributions from the windows, they must be hidden 

from the detectors. 

Using these criteria, we designed a spectrom

eter to measure the neutron energy spectrum in the 

beRm of the Persimmon experiment of February 1967. 

Figure l ahowa. the spectrometer in cross acctionJ 

with pertinent dimensions. Figure 2 shows the plas

tic support holding the ring of solid-state detec-

tors, brass body, nickel windows, proton collimator, 

and other spectrometer c.omponents. Figure 3 shows 

the assembled 3He spectrometer mounted above an 

identical spectrometer filled with 
4

He for an at

tempted simultaneous background measurement. 

The detectors chosen for this application are 

silicon p-n type, diffused-junction, 200 ohm-em de

tectors. The detectors have a nominal·l·cm x 1 em 

square sensitive area, and.a sensitive layer depth 

of about 60 ~ when operated at a bias of 180 V 

(near maximum for this detector). The silicon win

dows through which the protons and tritons must 

pass are 0.9 ± 0.1 ~ thick. The sensitive layer 

depth of 60 ~ is sufficient to stop- 2.4-MeV pro

tons; i.e., 90° protons initiated by - 3. 6-MeV neu

trons. Thicker detectors would, of course, provide 

a higher neutron energy limit. 

4. PULSE MODE OPERATION 

With the output directed to a pulse-height an

alyzer, this spectrometer operates much as do other 
3He solid-state neutron spectrometers. 6 As men

tioned previously, the elimination of the 3He re

coil spectrum has been obtained at the cost of re

duced efficiency. 

Characteristics 

The energy range is limited at the lower end 

to about 0.1 MeV by the fact that the reaction ener

gy is 0.764 MeV. If we assume that the effects of 

the (n,d) reaction above 6.54 MeV could be unfolded, 

the upper limit could be extended to perhaps 14 MeV 

for continuous spectra, depending on how much and 

at what point.the (n;p,n) and (n;p,2n) reactions 

interfere. A recent publication shows that such 

spectrometers can be used for discrete energy spec-

1;;ra to ene:r~~::ies as h:i~~:h as 20 Mev. 7 

The pulse-height scale is proportional to the 

proton energy at 90°, Eq. (5), minus the proton en

ergy loss in the gas and windows. These losses can 

be calculated rather easily and pose no great prob

lem. 

The resolution is dominated by the spread in 

proton energy arising from the finite angle sub

tended by the detector about 90°. Differentiating 

Eq. (1) with respect_to ~ and subsequ:ntly intro

ducing the approximation that~ ~0 yields 

E J l2Q. . l . 
6EpL ,:,;..,E 8 + ~. llf..\ " - /., E (90o) ·ll~ . (9) 

o En L . 2 ..J!!.n pL L 

7 



The resolution is given by the ratio of this energy 

(pulse-height) spread to the energy scale above the 

zero neutron energy point_at 3~p/4. As this scale 

is proportional to E /2 (neglecting the loss in the 
n 

gas and windows}, the resolution in neutron energy 

is approximately 

liEPL. 1 L 12~P JEPL(~o) 
~ ""'4 .J8 + -- . t. u.. = . . t.!-1 • ( 10) 
x.n' c: · En · L En L 

A quick calculation ·shows that the resolution can be 

held to a reasonable value only if t.~ s: ± 0 .1, 

i.e· , coL ""' ~ ± 6 degrees. 

The' efficiency of the.spectrometer depends on 

several factors, including the atomic density, the 

·nuclear cross section, and the fraction of solid 

angle subtended by the detectors. The efficiency 

is also dependent on the relative angular proton 

emission probability at 90° in the laboratory sys

tem, 

do 
np(E 90o) 
~ n' 

This quantity will be investigated in Section 7. 

Applications 

(ll} 

Aside from ordinary neutron spectrometry appli

cations, this ~0 
design may also find use as a flux 

monitor--as a transmission detector in thermal neu

tron reactor beams, for example. Its main advantage 
8 . 

over present monitors for such purposes is the re-

sponse time--a few nanoseconds in this design vs 

several microseconds in the case of a proportional 

counter. The absolute precision of the 90° design 

used as a flux monitor may be iimited to 1 to 2% by 

uncertainties in measurement of the subtended solid 

angle of the detectors. The absolute efficiency 

could be determined to < 1':(, by simultaneous measure

ment in a thermal neutron beam vs a precision 3He 

proportional counter, 8 or gold foil activation.9 If 

the instrument is used as a beam monitor, a discrim

inator setting corresponding to about 4oo keV elim

inates essentially all the ·electronic, (n,r), and 

other background pulses without loss of legitimate 
3He(n,p)T events. 

Application may also be found in neutron time

of-flight work at higher energies--up to - 6 MeV for 

continuous spectra, and perhaps as high as 20 MeV 

for discrete spectra--as mentioned previously. ·As a 

8 

trapsmission beam monitor, its main competitor 

would perhaps be the 3He scintillation detector, al

though such a detector requires maintenance of a 

very high gas purity whereas the ~0 solid-state de

sign does not. The stability of photomultiplier 

tubes vs solid-state detectors is also a-factor. 

Although in most cases the highest possible 

efficiency is desirable, if in any particular appli

cation a lower count rate is required, this can be 

easily achieved. The count rate could be lowered 

by decreasing the 3He pressure (thicker detector 

·windows would stop the tritons}, reducing the pro

ton collimator aperture, or reducing the sj.ze or 

number of the detectors. In the simplest case, a 

single detector placed to one side of the beam con

stitutes a spectrometer or beam monitor. However, 

if the ring geometry is forsaken, the detection ef

ficiency is no longer independent of the beam posi

tion. 

The above discussion concerns the pertinent 

attributes of the spectrometer operated in the nor

mal pulse mode. 'l'he application for which the 

spectrometer was designed and used was the extremely 

high reaction ra~e regime of nuclear explosion 

source beam measurements; i.e., the current mode. 

As the spectrometer was used only in the current 

mode, the remaining discussion emphasizes. this ap

plication. Nevertheless, much of the material is 

relevant to both modes of operation. 

5 . CURRENl' MODE OPERATION 

Operation in the current mode is characterized 

by the detection of a large number of events per 

resolving time. The resulting.current comprises a 

time-varying analog signal. In neutron time-of

flight cro~a-section measurements in which time is 

uniquely related to neutron energy, the analog sig

nal, at any particular t·ime, is proportional to the 

neutron flux and the neutron cross section of the 

target material at the corresponding energy. From 

a time recording of this signal, the neutron spec

trum is obtained directly. 

Note that all pulse-height information is sac

rificed in obtaining a sufficient number of detected 

events per resolving time to give good statistics. 

The energy scale· is thus defined by the time of 

flight alon~. The energy range, now having no lower 

limit, is 0 <En < 6.5 MeV. (The upper limit ~s 



discussed previously.) The energy resolution of the 

spectrometer is now dependent on the time resolution 

of the system--the detectors, the amplifier, .and the 

recording system. The resolution is no longer de

pendent on the angular (energy) spread of the de

tected protons, because the current signal is pro

portional to the average energy of the protons 

striking the detectors wHhln the resolving tlme. 

The concept of efficiency is the same as in 

the pulse mode case, as the efficiency is dependent 

on atomic density, nuclear cross section, relative 

probability of. 90° proton emission, and geometrical 

solid angle. The interpretation of the response in 

the current mode is simplified by the absence of the 

3He recoil spectrum, as before. 

6. TIME OF FLIGHT -- CURRENT SIGNAL PRINCIPLES 

For neutrons, the relation among energy, flight 

path, and time of flight is given by 

2 
E = 5227 '-

2 n t 
{12) 

where the units are E (eV), t (meters), and t (~sec). 

Typical flight paths used in our explosion source 

cross-section measurements are 200 to 300 meters. 

By placing a moderator above the explosion source, 

an energy spectrum between 10 eV and several MeV is 

obtained. Fission neutrons, therefore, arrive at 

the tar~ets after 10 to 20 ~sec; and the last neu

trons arrive in, typically, 5 msec--thus defining 

the required recording time span. 

Differentiation of Eq. (12) yields the energy 

resolution· in terms of the time resolution: 

p_2 E 3/2 
-10454 - = -0.02766 ~ . 

t3 
{13) 

The time resolution of the source is dependent 

on the burst time of- 0.1 ~sec, the physical size 

of the source, and (at lower energies) the holdup 

time of the moderator. Th~ rather complicated re

sult of these combined effects has been discussed 
1 elsewhere; but, in any case, all other system com-

ponents are designed to match the shortest time 

associated with the source; i.e., 0.1 ~sec. 

To achieve adequate statistical ·accuracy ( 3%)" 
in the analog signal, it is therefore necessary to 

plan the eiPerimental conditions to obtain a detect

ed event rate of 1000 counts per 0.1 ~sec. The 

first step in planning for such a level is advance 

knowledge of the approximate .neutron spectrum. 

Calculations from both theory and experimental re

sults are fruitful. 

Spectra 

First, it is possible to estimate·the spectrum 

shape by knowing the fission spectrum, the fact 

that the source is surrounded by hot hydrogenous 

material {high explosive) at the time of neutron 

emission, 10 and the typical 1/E plus Maxwellian 

distribution of the polyethylene moderator. The 

estimated shape can be normalized to the total num

ber of neutrons produced, S, which, in turn, can be 

determined from the expected energy.yield, Y {kilo

tons), of the explosive: 
.., 

Y ex S = J S(En)dEn · 
0 

At the end of the flight path, the estimated spec-. 

trum is the fraction directed toward the ground 

surface in the solid angle Ot defined by the colli

mator orifice of area A
0 

at distance t: 

ot A 
n(E ) = r.= S(E ) = ~2 S(E ). 

n . lf7r n 4rrt n 
( 15). 

The quantity required is the total neutron current 

{in neutrons per unit time passing through the col

limator orifice), which is related to the above en

ergy spectrum by 

{16) 

Note that the "flux," in neutrons/cm2sec, is equal 

to n(t)/A . On the other hand, perhaps more confi-o 
dence results from studying neutron spectra ob-

served in past experiments. In this connection it 

is germane to note that the quantity n(t) does not 

change appreciably from experiment to experiment, 

because the safe burial depth, t, {the flight path) 

is dictated by the energy yield, Y, by the empiri

cal formula 

{17) 

By combining Eq. {13) through (17) the constancy of 

n( t) is demonstrated: 

dF, 
n(t) = n(En) dt n ex nt 

ex!_ t 3 1 constant. p_2· . 1 {18) 

9 



Figure 4 shows the spectra observed in the previous 

two experiments: Parrot (December 19!}4, no modera

tor) and Petrel (June 1965, with moderator). Note 

that the ordinate ·is E ·· n(E ), in units of neu-
n n 

trons per natural logarithmi~ energy decrement, per 
2 em . (Division of the ordinate by £n 10 = 2.301 

would yield units of neutrons per decade per cm2). 

These units are identical to nuclear reactor physi

cists' "lethargy" units and are useful for two rea

sons: They allow convenient plotting of the spectra, 

and they show the 1/E spectrum as a constant value, 

a.fact of special significance, as will be seen. 

Optimum Spectrum 

It.is clear that the dynamic range of the ana

log signal from, for example, a fission target will 

be large. The variation of such a cross section 

alone is, typically, 103 in the resonan~e region~ 
and this is in addition to the variation in the 

average of n(t}o(En). Only the latter quantity may 

be controlled (by tailoring the spectrum properly}, 

and it is obviously desirable to hold it constant. 

If the cross section has a 1/v dependence and the 

·spectrum has a 1/E shape, the combination results in 

a constant detected event rate, D(t}: 

D{t) ~ n(t) o(En) 

E 3/2 
n 

1 
v constant, (19) 

and the desired result is achieved. Thus, in this 

ideal case, a constant En · n(En) generates a con

stant detected event rate in a 1/v detector. Note 

that if the cross section were constant, D(t) would 

be proportional to n(t} and that the ideal spectrum 

would be n(t} = constant. 

A useful relationship between the energy and 

time spectra is 

~n : n(En) = t · n(t). (20) 

7. CURRENT MODE ANALYSIS 

The reaction rate, R(t}, in the target is re

lated to the· neutron flux, the atomic surface den

sity, and the nuclear cross section by 

R(t) = n(t) P a (E } = n(t) P. To (E ) (21) s np n v np n 

wh~re, for the 3He spectrometer, the atomic volume 

10 

density is the measured quantity and T is the aver

·age target thickness, as seen by the detectors. 

The detected event ·rate is given by 

(22) 

where ~L(En) represents the relative probability of 

proton emission at 90° in the·laboratory system,and 

~/4rr is the fractio~al geometrical solid angle sub

tended by the reaction volume/detector combination. 

Finally, the voltage signal, V(t), is given by 

the detector current, at time t, flowing across the 

termination resistor, Rterm· 

D(t)~ep(En) 
V(t) = Rterm 

w 
(23) 

where E_ (E ) is the energy deposited.per proton, llep n 
and W is the energy required to make an ion pair in 

the detector. Several of the individual quantities 

must be examined in. ~her detail. 

Target Dimensions 

The average thickness of.the gas target was 

determined by numerically calculating the effective 

vohnne; defined as 

where the weighting factor wi for the ith vol~e 
element includes the solid angle stibtended and the 

detector aspect (the effective area seen from off

perpendicular). The masking of portions of some 

detectors by the collimator lips (at positions to

ward the windows}· was included in the solid angle 

subtended at each point. Dividing this volume by 

the beam area (over which 6iV was varied) yields 

the average thickness 

- veff 
T=--

~eam 

Substituting 

(25) 

(26) 

in Eq. (24) and summing first over 6jA ·in each ~Z 

yields the sensitivity profile between windows. 

Cross Section 

The 3He(n,p)T cross section has received.the 

attenti9n of many experimenters whose data have 

been collected and analyzed in two recent evalua-



tions. 11• 12 A curve of the values used in this 

application is shown in Fig. 5· Recent measure

ments indicate that the cross section is 1/v up to 

En ""1 kev. 13 

Emission Probability 

The relative angular proton emission probabil

ity ~1(En) is extracted from experimentally meas

ured angular distributions. As data are generally 

given in the center-of-mass (C) system, the kine

matic shift K(En) must be used to transfer from the 

laboratory (L) system to the C system. 

The relationship is derived frOm 

(dcr' dO = (dcr' dO. WL ~L we c 

The elemental solid angle in this cylindrically 

symmetrical geometry is given by 

dCl = 2rr sin cp dcp = -2rrdf.L. 

Then 

so that 

(27) 

(28) 

(29) 

( 30) 

( 31) 

The L and C proton emission angles are related by 

(32) 

Then 

(33) 

where 

is the ratio of center-of-mass velocity to the pro

ton velocity in the C system. 

At' cp
1 

= 90°, Eq. (33) becomes 

1/2 
df.l n 2E+3Q) _£ = 1 - x2 = .?_ ( n np = K (E ) 
d~ P /3 3En + 4Q!lP P n 

(35) 

where Kp(En) denotes the shift specifically at 

qi = 90° for protons. Note that this shift is never 
L 

very large: 

A useful approximation, accurate to better than 

O.li, is that the reduction due to this C-to-L 

shift of the proton distribution is 

1 ( En ) 
= 6 3En + 4QtlP • 

Angular Distribution 

( 37) 

The proton angular distribution has been de

rived primarily from the cross sections observed in 

~he inverse reaction14-17 by detailed balance. 

Curves fitted to the collected data are shown in 

Fig. 6. Coefficients of the cosine series fitted 

to the data of Perry et al. 14 and Goldberg et al, l5 

are shown in Fig. 7• 

The cross-section value needed for the present 

application is that at the value of f.Lc for which 

~ = o. From Eq. (32) it is seen that this condi

tion is satisfied by 

. E ~2 
-1 ( n ) 

llc = -~ = 13 3En + 44IIP. ( for 11', = 0) • (38) 

At each neutron energy, the angular cross section 

was obtained at this specific angle, and the rela

tive probability of proton emission was evaluated 

in the c system: 

( 39) 

The denominator is just what the angular cross sec

tion would be if the distribution were isotropic. 

The value of crnp(En) used here is the integral of 

the angular distribution and is not necessarily 

that shown in Fig. 5· In this way, the value of 

~(En) is seen to be independent of the cross-sec

tion value, and dependent only on the shape of the 

angular distribution. The values14-17 are shown in 

F'ig. 8. Values at energies lower than the lowest 

energy of experimental data were obtained by ex-· 

trapoiating the coefficients shown in Fig. 7 back 
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to zero energy and then constructing the angular distribution curves therefrom. Values of a (E ), g_~(E ), . np n -p\.0 n 
and uncertainties are listed in Table I, and the spectrometer "response," i.e., I<p(En)15pe(En)anp(En)' is 

shown in Fig. 5· 

100 eV 
150 
200 

250 
300 
4oo 
500 
700 

1.0 keV 
1.5 
2.0 
2.5 
3.0 
4.o 
5.0 
7.0 

10.0 
15.6 

20.0 
25·0 
30.0 
4o.o 
50.0 
70.0 

anp(En) 
(barns) 

5327 ± 10 
(1/v) 

84.75 ± 0.2 
68.9 ± 0.3 
59·7 ± 0-3 

53·3 ± 0.3 
48.7 ± 0.3 
42.1 ± 0.3 
37·5 ± 0.3 
31.7 ± 0.3 

26.5 ± 
21.6 ± 
18.6 ± 
16.6 ± 
15.1 ± 
12.8 ± 
11.4 ± 

9·5 ± 
1·1 ± 
6.1 ± 

5·2 ± 
4.6 ± 
4.1 ± 
3.4 ± 
3.0 ± 
2.4 ± 

0.3 
0.3 
0.3 
0.2 
0.2 

0.2 
0.2 
0.2 
0.2 
0.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 

1.000 
0.999 
0·996 

Uncertainty in ~ is estimated to be < ± 0.02. 

Energy Loss 

The energy deposited per proton, E- (E ), is 
0 

-nep n 
equal to the proton energy at 90 , Eq. (5), minus 

the energy lost in the gas and in the detector win-
18 . 

dow. From data quoted by Whaling and by Whaling 

and Demirlioglu, 19 these losses may be summarized by 

o = 0.764 MeV "'np . 
(4o) 

AE = 0.0132 
g Epl 

E 
f.en ...E! + 4.68] 
L. 2 (41) 

AE = 0.0159 
w ~2 

[.en-~+5.1]. (42) 

8. PREDICTION OF SIGNAL. LEVELS 
The preceding information was used to predict 

12 

En 

100 keV 
. 150 

200 
250 
300 

350 
4oo 
45o 
500 
6oo 

700 
Boo 
900 

1.0 MeV 
1.2 

1.5 
1.7 
2.0 
2.2 
2.5 

2.7 
3·0 
4.o 
5·0 
1·0 

10.0 

anp(En) 
(barns) 

1.95 ± 0.1 
1.50 ± 0.1 
1.28 ± 0.1 
1.13 ± 0~1 
1.05 ± 0.1 

0.98 ± 0.1 
0.93 ± 0.09 
0.89 ± 0.09 
o.87 ± o.o9 
o.84 ± o.o8 

o.83 ± o.o8 
o.83 ± o.o8 
o.83 ± o.o8 
o.84 ± o.o8 
o.87 ± o.o9 

o.88 ± o.o9 
o.88 ± 0.09 
0.85 ± 0.09 
o.83 ± o.o8 
o. 78 ± o.o8 

o. 74 ± 0.07 ' 
0.66 ± 0.07 
o.47 ± o.o5 
o.37 ± o.o4 
0.26 ± 0.03 
0.18 ± 0.02 

15pe(En) 

0.992 
0.987 
o.982 
0.978 
o. 9'73 

0.969 
0.965 
0.961 
0.957 
o.94B 
0.936 
0.921 
0.906 
o.890 
o.86o 

0.813 
0.787 
0.751 
0.731 
0.706 

o.690 
0.669 
0.611 
0.570 
0.550 
o.699 

the signal level prior to the Persimmon experiment. 

This is· a critical part of the planning, because 

recording equipment sensitivities must be correctly 

set before the experiment. First, we examine the 

case for neutron energies of En<~ 1 keV, where 

the (n,p) cross section is essentially 1/v. For 

convenience, an ideal spectrum of E • n(E.) = 
12 . 2 . n n 

1 x 10 through the 3-cm collimator. orifice was 

used (refer to Fig. 4). Equations (21) and (22) 

are combined to find the detected event rate: 

D(t) = n(t)pvTanp(En)I)>(En)~(En)'l,/4rr. (43) 

The 3He density was l~ited to ~ 1/5· atm for the 

2-in. detector spacing chosen (refer to Fig. 1). 

At this pressure, the protons, emitted at 0.573 MeV 

(En< 1 keV) would lose approximately 79'keV in the 

gas,· and 57 keV in the 0·9-ll-thick silic~n detector 

windows.· Uncertainties in these losses are about 

± 10% due to the 3He stopping cross sections 



(= ± 8 keV), ± 10'1, in window thickness (,. ± 6 keV), 

and ± 10% in silicon stopping cross sections (= ± 6 

keV). The combined uncertainty is, thus, approxi

mately ± 11. 3 keV or - ± 2. fifo in proton energy. 

The proposed atomic density of ti1e. 3He was, there

fore, 5.38 x 1018 atoms/cm3. The average target 

thickness was estimated to be 1.7 em, and the (n,p) 

cross section20 used was 

a . (E ) = 5327 Jo.o253 = 5327 ,.0253 t (44) 
np n En· 5227 1 • 

The flight path was to be about 300 m. It was 

pl~ed to use a ring of eight, evenly spaced, 1 

em , solid-state detectors. At a spacing of 2 in. 

these would subtend a solid angle of 2.47% of ~ 

steradians. The values of bot.h !),(En) and ~(En) 

are close to unity for En < 1 keV, so that, for 

neutron energies less t~~ l ~~V. the ideal situ

ation described in Section 6 prevails;and the de

tected event rate is constant. When the above nu

merical values are substituted in Eq. (43), the 

predicted .detected event rate becomes 

D(t) = 3 x 1010 counts per sec. 

In the resolving time of 0.1 ~sec, therefore, about 

3000 counts will_ be registered, and uncertainties 

in _counting !;ltatistics will be less than 'C!'fo. 
The expected sigp.al level ms;y now be calcu

lated. from Eq. (23). The energy loss for a proton 

at low neutron energies and at 1/5-atm 3He pressure 

is !9 keV in the gas and 57 keV in the detector 

windows. Having been emitted with an initial ener

gy of 0.573 MeV, the protons deposit an energy of 

o.437 M~V. The energy reqtrlred to make an ion 
21 pair, vl, is taken as 3.58 ev, and the detector 

c~rrent is therefore 0.6 rnA. ('T'he clete~tor~: r.a,n 

carry quite large currents with no complication.) 22 

Across a 50-0 terminator, this current would com

prise a voltage of 30 mV, sufficiently high to pro

vide an a.dequate si.gnal-to-noise ratio, as the am

plifier noise and baseline uncertainty is typically 

o.l mv. 

Table II shows a prediction of the signal lev

el for E
11 

~ 1 keY, again. ror a spectrum of F. 

n(En) = 1 x 1012• · n 

Note that in Eq. (43), if ~(En) is written 

explicitly, the cross section cancels out and 

This is simply an alternative way of writing Eq. 

·(43). Equation (43) seems preferable as it retains 

the evaluated onp(En) and shape-only dependent 

~(En)· 

Table II. Predicted Signal Levels 

l 
•np(En) 

~ ~ 
AEg /lEW 'l>ep(En) Signal. Time 

(barns) !l:!:tl !l:!:tl ...i!:!:YL ~ (IJsec) 

1 keV 26.5 1.000 1.000 0.079 0.057 o.4J7 30 702 

10 1·1 0.999 1.000 0.079 0.057 o.442 28 222 

100 1.95 0.995 0.992 o.o74 0.054 ,0.495 24 70.2 

l MeV 0.84 0.972 0.90(' 0.050 0.039 o.984 59 22.2 

2 o.8) o.gb4 0.750 0.037 0.030 l.5o6 106 15·7 
o.t;~; 0-959 o.667 o.oJO 0.025 ~.ol.8 1t'O 12.8 

o.47 0.955 o.6o6 0.025 0.021 2.527 lll 11.1 

9· CORRECTIONS AND UNCERTAINTIES 

It has been shown that the uncertainty in pro

ton energy loss is - ±2.6%, and that the counting 

statistics give - ±2$. It is not difficult to meas

ure the 3He pressure with better than 1% precision. 

The average counter thickness, determined numerical

ly (Section 7), was .found to be 1.76 em. FigUre 9 
shows the sensitivity of the reaction volume/detec

tor combination. It was subsequently noted that 

lines drawn from the center of a detector through 

the edges of the upper and lower collimator lips 

de~ined a length on the center line equal to 1.77 

em. The uncertainty in T has been estimated to be 

0.01 em. 

Detector areas were measured in two ways:.by 

determining the count rate at a known distance from 
. 239 a calibrated Pu alpha source, and physically, by 

using a comparator. The measurement of the seve~ 
detectors available for the 3He spectrometer in the 

Persimmon experiment with the alpha source provided 

1 to 2% precision, while the direct visual measure

ment had an estimated uncertainty of 3.7%. Total 

areas of thf:! seven detectors !'rom the two methods 

differed by 2·. 7%; and, therefore, the results were 

in agreement. The total area was determined to be 

5.01 ± o.o8 cm2, which at a distance of 2 in. sub

tends a solid angle of 1. 55% of ~ steradians. Note 

that although the detectors were purported to be "1 ,., 
cmc.." detectors, the areas actually averaged - 5/7 

2 em. 
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Geometrical solid Angle 

The above solid-angle calculation was made on 

the simplifying assumption that all events occurred 

at the 'center of the spectrom~ter. Actually,' the 

~e(n,p)T reactions occur. over a finite volume de

fined by the beam diameter and the geometry. As 

seen from a particular detector, the average reac

tion site appears to be at a distance slightly 

closer to the detector; and the calculated correc

tion of 1.5% means that the solid angle should be 

adjusted to 1.57 ± o.o~ of 4rr steradians. 

Average Proton Energy 

By assuming an isotropic emission from the · 

center, the average of the distribution in.proton 

energy due to the finite angle subtended by th~ de

tectors was calculated; the value was found to dif

fer from the g:J
0 figure by < +0. ""(, at ·E. = 4 Mev. Jf' n . 

(The plus sign denotes an increase in average ener-

gy.). The difference decreases with decreasing en

ergy and can be neglected.· The converse calcula

tion, i.e., ·from all points alorig the spectrometer 

axis to the center of a counter,· gave the same re

sult.' 

The.shifts of the average proton energy due to 

the changing kinematic shift and angular cross sec

tion were calculated in the same manner. The shift 

at 4 MeV was -0.8~, and 'it was also neglected be

cause it also is relatively small and decreases 

with decreasing el)ergy, and (especially) because it 

is in the opposite direction to the shifts described 

above. 

Out scattering 

The outscattering of prot~ns passing through 

·the ~e gas (primarily Coulomb scattering) is_neg

ligible. Calculati~ the worst case, i.e., at ~ = 

0.573 MeV, showed that _app~oximately 10-
4 

of the 

protons .scatter out. 

Tritons 

·The effects of tritons must-be examine~.more 

closely. The stopping cross-section curves are of 

such a shape that the tritons with energies of in

terest meet the most efficient stopping. Still, at 

higher neutron ,-energies trit.ons. emitted in the rear 

of the spectrometer and at such an angle as to 

strike the extreme front of the detectors are not 

completely stopped. (The worst case in the spec~ 

trometer described here is·~= 72.6°.). Equation 

(2) gives the triton energy as· a function of neu

tron energy and angle.· other pertinent equations 

can be derived: 

v E 1/2 

>r.:r =. ~c = 13 (3E + n4Q ) (;, 3xP), 
TC n · np 

1-1.< 1 + xi + ~l-Ie) 
(1 - l{>x.:r +.l-Ie 

At cp nr.o ·• L = 7V 

and 

danT . 
(E nr.o) "CiJb n' IPr, = 7" 

g (E ) ;;;_...;;~-----
TC n a (E )/4rr 

np n 

for 

l-Ie = -x.:r· 

(46) 

(47) 

( 48) 

(50) 

Figure 10 shows the function gTC(En). Note th~t 

the altered form of K.r(En) ineans that the amount 

reaching the detectors at g:J
0 decreases for larger 

neutron energy as the laboratory distribution be

comes :i.nc'reasingly weighted in the forward direc-. 

tion. Thus, although the energy deposited per tri-. 

ton grows with increasing energy, the probability 

of triton emission in the detector direction de

creases. Calculations show that the correction 

:ri~'!l~ +.n A. IIIRYitmlm n-f Ahmlt. +0. ?'j. 11.t F. = 2 MeV, 
. ll 

then decreases again. This effect can, therefore, 

be neglected. 

3He Recoils 

Calculation shows that at 1/5-atm He pressure 

with 2-in. spacing all 3He recoil ions are stopped 

before they can deposit energy in the sensitive. lay

er of the detectors. 

Deuterons 

It has been shown in Eq. (8) that it is not 

kinetically possible for deuterons to be emitted at 

g:J
0 until En ~ 6.54 M~V. Of course, at the front 

edge of the detectors some effect is felt at slight

ly lower energy, namely at E = 6.26 MeV for the n 
worst' possible case at cpL = 72.6°. Pertinent equa-

tiona for deuterons include 



- 2 
~(1 + "n + ~llc) 

(1 - ~)"n + llc 
(52) 

At 90o 

- E :::00 1/2 
~ ( n + ---nd) 

.Jl.- xn = 12 3E + 4411 , 
n d 

(53) 

and 

±'or 

llc -"n , (55) 

where a factor of two has been included in the last 

equation to account for the fact that there are two 

deuterons emitted in each reaction. Note that 

KD(En) =-0 until En ~ ~d· 

Charge Collection 

Another_possible source of uncertainty is the 

collectio~ of charge produced by various particles 

in the He gas. This charge will cause an addition

al current flow, related in a complicated way to 

the n·eutron time spectrum, the various neutron cross 

sections, the stopping cross sections, and the geom

etry~ The electron drift velocity in 1/5-atm He at 

180 V (tpe detector bias voltage) is approximately 

0.4 cm/~sec. 23 The electron transit time from beam 

center to_ detector (2 in.) is therefore about 13 

ll~ec--a time that would obviously hurt the resolu

tion if the effect were big enough. The positive 

ions would be expected to move a few thousand times 

slower, and probably would not cause .much of an 

effect. 

To guess at the ~nitude of this problem, note 

that while 3.58 eV/ion pair is required in the de

tector, 42.3 eV/ion pair is required in the gas, 24 

a factor of 12 increase. On the other hand, the de

tectors subtend a fractional solid angle of about 

2'/o, so there are some 50 times as many protons alone 

being produced, aside from all the tritons, 3He 

ions, and deuterons. In an attempt to avoid the 

effects of collecting charged particles, the detec

tors have been connected so that the bias voltage 

appears on the detector case. While there is no 

stringent time-resolution requirement (the flux, 

and (n,p) cross section are smoothly varying), it 

was necessary to try to measure this effect, so that 

it might be subtracted. This background measurement 

is discussed later. 

Light Sensitivity 

There is also the question of detector light 

sensitivity. Helium scintillation is a well-known 
4 

phenomenon and in He is characterized by the 

strongest 

or 583 1. 
traviolet 

line of ita atomic spectrum at 21.22 ev 

Morse et al. 25 have reported the far ul

response (500 to 2000 A) of silicon p-n 

junction photodiodes. An attempt was made·to me~~

ure this background, as described below. 

Background Measurement 

Backgrounds in the explosion source signals are 

not well understood. In the case of fission cross

section measurements, the signal from a blank foil 

is recorded along with the fission signal and later 

subtracted from it. This procedure has given excel

lent results, and suggested the use of an identical 
. 4 

spectrometer filled with He to supply the back-

ground signal for the 3He spectrometer. Difference 

in response between the two spectrometers could only 

result from differences in the nuclear characteris-
. 4 

tics of 3He and He. 
4 

The He spectrometer, for example, would dupli-

cate the effects of recoiling 3He ions creating 

charged particles .and causing scintillations. It 

would not, however, measure these same effects 

cauoed by protons, tritons, or deuterons. 

Another unknown was the reaction of the spec

trometers to the large gamma flux up the vacuum pipe 

at explosion time •. This, in fact, causes the major 

portion of the observed background. Possible ef

fects arise from the production of Compton electrons 

in the windows, target foils, etc., but these seem 

to be unimportant for the ~e spectrometer. Typi

cally, at zero time the background signal for fis

sion measurements rises to several volts (compared 

to·~ 0.1 V predicted for the ~e spectrometer) and 

subsequently decays with a time constant of - 8 llSec. 

In fission measurements, at a time corresponding to 
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an energy of - 10 keV, ~his signal is negligibly 

small. The decay is not understood, but it can pos

sibly be ascribed to characteristics of the loga

rithmic amplifiers. 

10. THE PERSIMMON EXPERIMENT 

Preparations were begun in 1966 to use the ~e 
spectrometer in the Persimmon experiment. Persimmon 

featured a vacuum flight path of l ~ 307 meters, a 

collimator orifice of - 3 cm2, and an estimated neu

tron spectrum of E • n{E) ~1 x 1012 as described n n 
previously. Three spectrometers were used: 
6 . 235 3 L1(n,a)T, U(n,f), and He(n,p)T. 

The ~e spectrometer and its 4He background 

twin were positioned above several other samples at 

a flight path of 306.87 meters. The assembled spec

trometers are shown in Fig. 3. A gas filling sys

tem, shown in Fig. ll, and schematically in Fig. 12, 

was made and tested before the experiment. The 

spectrometers were filled with their respective 

gases 1 week before the experiment to pressures (at 

44. 5°F') as follows: 
3He: 150.4.± 0.2 mm Hg 
4 

He: 150.0 ± 0.2 mm Hg. 

The ~e was Mound Laboratory "Normal Grade, " 
4 . 

and the .He was Los Alamos "tank" helium {99·9% pu-
. . 

rity). The spectrometers were recovered, undamaged, 

about 2 weeks after the experiment. Mass spectro

scopic analyses of gas samples taken at the time of 

filling and after recovery showed that no· leakage 

had occurred. Both spectrometers tested leak-tight 

a±~er the experimen~. 

After correction for the small fraction of im

purities present (primarily 
4

He and outgassed o2 
and N2 in.the ~e) the atomic densities in the 

spectromete~s at the time of the experiment were 

found to be ~e: 5.16 x 1018 ~e atoms/cm3, and 
4

He: 5.17 x 1018 4
He atoms/cm3, with estimated un

certainties of < ± o. 5%· The Persimmon experiment 

was conducted on February 23, 1967. at the Nevada 

Test Site. 

Data Recording 

The analog signals were fed to logarithmic am

plifiers26 {bottom de~ade linear, plus four log dec

ades above) to reduce the dynamic range in r~cord

ing. The current signals traveled down an - 300-m 

cable run and formed voltage signals across termi

nating resistors. The signals were cUspl~cyed on 

16 

fast-phosphor oscilloscopes and recorded on moving 

fi~1 with demagnificat'ion of 22. 3x· Both signals 

were recorded in a "high" resolution {raster, - 0.2 

IJSec) and a "low" resolution (streak, --: 1 IJSec) 

mode. 1 A timing signal was recorded alongside the 
3 4 . He and He signals to provide a me.asurement of the 

time of flight and to establish a baseline reference. 

A few hundred milliseconds after the .end of the 

data acquisition, stair-step calibrations were 

switched into the inputs of the logarithmic ampii

fiers and recorded on the same film. The films of 

the ~e and 
4

He streak recording are shown in Fig. 

13. 

Data Processing 

The signals were digitized with a 30x magnifi

cation projection microscope comparator, and the 

signal· level and time coordinates of each .. point were 

recorded with an on-line IBM card punch. The digi

tal data were processed through computer codes21 to 

perform the operations described in this report. 

The punched data are firs~ fed through a code to 

separate the various signals which .were read togeth

er, and are then transferred to magnetic tape. A 

second code applies a least-squares adjustment to 

the base reference and time-mark information to min

imize reading errors. Thirdly, codes process the 

streak or raster data to ·account for the amplifier 

characteristics and calibration and, ultimately, 

yield the signal (in mV) as a function of time, as 

shown in Fig. 14. To obtain a history of the signal 

J Ulll. uefUL'C l,hc Wi."l:C. crJ:e r¢C01·dcdl 'bhCIIC dCLtllo D.l'O 

processed by a fourth code, with output as shown in 

Fig. 15. A fifth and final computer code*·is used· 

to transform the data to the form of signal (mV) vs 4 . 
neutron energy and to subtract the He background 

rrom the ~e foreground and, performing.the various 

operations outlined in Section 1, to yield the neu

tron spectrum as a function of energy {Fig. 16). 

Shown also in Fig. 16 is th~ predicted leve.l for. 

the Persimmon experiment. The dips in the spectrum 

curve are due to absorption of neutrons in the res

onances of samples through which the beam passed 

before arriving at the ~e spectrometer. 

Precision 

Aside from the uncertainties and corrections · 
~--'---: 

*The above ~odes are : ( 1) SORT, ( 2) BARF IT, ( 3) STRK 

. and. MVY2, (4). HUM, and {5) SIGER. 



discussed in Section 9, the precision of the digi

tization process must be examined. The accuracy of 

the comparator is apparently ± 1 ~· The width of 

the signal lines was 30 ~, and that of the baseline 

reference was 24 ~· It was found t~at the center 

of a single line could be located with an accuracy 

of ± 1~, so it is safe to assume that the true line 

center is being recorded with - 2-~ precision. Op

erator fatigue and inattention may make it more 

reasonable to adopt an uncertainty of - ±1~ of the 

line width. 

On the logarithmic scale the uncertainty in 

signal voltage is related to the line width by 

(56) 

where a is the scope sensitivity in volts/em, b is 

the log amplifier gain in V9lts per decade, and M 

is the deloagnification from scope face to film. The 

quantity fiw is the uncertainty in signal line dis

placement and is therefore equal to the square root 

of the sum of the squares of the uncertainties in 

base line and signal line widths. The resulting 

precision in the 3He and 
4

He signals in the log re

gion is given below. 

Streak: a 2 V/cm 

Raster: 

b 2.5 V/decade 

M 22.3 

fiV. 
v--!- .... ±2',(, 

l. 

a 4 vfcm 

b 2.5 V/decade 

M 22.3 

{1Jl ±4 ~ 

/::,Vi 
-..., ±3%· 
vi 

Analysis of the calibration levels in five 

succeeding stair-step calibrations on the streak 

record yields a precision of- ±3% in the log re

gion, in agreement with the preceding uncertainty 

calculation. 

For the neutron spectrum measured by the 3He 

spectrometer, the precision is estimated to be ±5%, 

axoapt for En > 100 lteV wher-e the ~ ±10% uncertain

ty in cross section dominates. 

Background Problems 

Figure 17 shows the Persimmon spectrum as meas

ured bY the 3He{n,p)T, the 6Li(n,a)T, and the 
235u(n,f) spectrometers (latter two combined). The 

deviation above E = 2 keV of the ~e from the 235u 
n 

results indicates that the backgro~d provided by 
4 the He background 

this energy range. 

spectrometer is inadequate in 

A glance at the 4He signal at 

zero time in Fig. 13 or 14 reveals that the signal 

did not rise at the arrival of the gamma flash. The 
4 He system was working properly, as shown by the 

existen~e of a small signal and by the normal post

data calibrations. Becau8e the gamma flash gave 

rise to a large signal in the 3He spectrometer but 

not in the identical 
4

He spectrometer, we must look 

for a background mechanism dependent only on dif-
. 4 

ferences in nuclear properties between 3He and He. 

This clearly rules ou:t such phenomena as Compton 

electrons produced in the windows or gas target, or 

electromagnetic pulse effects. The prime candidate 

is the nuclear photoeffect. Photodisintegration of 
4 . 

the stable He nucleus by (7,n) or (7,p) requires 

an energy input of - 19 MeV, while the 3He nucleus 

undergoes the (71 p) reaction at a g~ energy of 

5·5 ~ieV. Calculations using the known fission gam

ma spectrum and estimating the gamma intensity from 

the observed neutron production show that the (7,p) 

mechanism is a distinct possibility. Not much is 

known about the gamma spectra from inelastic scat

tering and other sources. 

It appears that the presumerl (7,p) background 

generated by the gamma flash in Persimmon has in

validated the ~e spectrum measurement at neutron 

energies above about 2 keV. Below this energy, 

this background appears to be negligible and not to 

affect the re~ulL~. 

11. CONCLUSION 

A fast ~e neutron spectrometer, free from re

coil spectrum effects, has been developed and test

ed. Placing solid-state detectors outside the neu

tron beam at 90° eliminates nuclear reactions in 

the detectors themselves and prevents recoiling 3He 

ions from being detecteg. These features are ob
tained at the price of a reductio~ in efficiency of 

about 103 compared to present 3He proportional coun

ter neutron spectrometers. 
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The 90° design provides an energy range up to 

6 MeV, at which point it is energetically possible 

for the ~e(n,d)D reaction to interfere. Effects 

of this reaction and of others at higher energies 

ma;y be removed by computer calculation, · and the use

ful e.nergy range extended up to 10 or 20 MeV. Nor

mal operation of the spectrometer in conjunction· 

with a pulse-height analyzer yields the usual lower 

energy limit of- 0.1 MeV and a resolution of -·10%, 

.although this can be improved by decreasing the pro

ton acceptance angle of the solid-state detectors. 

Use of the instrument in the time-of-flight 

current signal mode to measure the neutron spectrum 

in explosion source cross-section measurements of

fers certain advantages. The inert gaseous state 

of ~e_guarantees uniformity of target material and 

simplifies accurate measurement of atomic der-sity. 

It appears that backgrounds peculiar to the explo

sion source measurements ma;y limit the usefulness 

of the spectrometer to energies <-·2 keVin this 

application. 

Furthermore, it seems feasible to use the ~e-
900 design in such applications as continuous beam 

monitoring or c~nventional time-of-flight flux mon

itoring. 
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Fig. 6. Angular cross sections vs neutron 
energy. On the left, curves have been fitted to 
the measured values of the T(p,n)1He reaction. The 
3He(n,p)T curves on the right were obtained by de
tailed balance from the T(p,n)3He curves. 
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Fig. 16. The Persimmon neutron spectrum 
~n • n(En) per cm2 vs En as measured by the 3He, 

He spectrometer pair. (Persimmon collimator ori
fice 2. 97 cm2. ) 
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Fig. 17. The Persimmon neutron spectrum 
En • n(En) per cm2 vs En as measured by the 3He, 
6Li, and 235u ~ectrometers. (Persimmon collimator 
orifice 2.97 em.) Although Persimmon had a CH2 
moderator, as did Petrel, the Maxwellian thermal 
peak is missing owing to earlier closure of the 
vacuum pipe. 




