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Abstract
A research program in energetic-.neutron spectrometry
was carried out under Contracts AT(éO-l)—3914 and AT(11—15-3258 witﬁ |
Clarkson College of Technology during the period from 1 December
19867 through 31 March 1972. Accomp}ishments urlder this program
‘include the development of a self-contained ﬁrrle-of-flight spectrq—
rneter for neutrons from 1 to 500 MeV and the measurementv Aof
neutron spectra from a thick target; " Early develobmental work was
‘ e'onducted with 14 MeV neutrone at the National Research Council,
| 'Otltawa, Canada. Later, measuremen;cs at higher energies were
" made at the 184-inch cyclotron of the Llawreneei Berkeley Laboratory.
| These include the mears'uren'.lent of 220 ‘MeV neutrens from st'rip’pihg
447 MeV deuterons.on beryllium and the measurement ef neutron
spectra from 740 MeV preton bombardment of a thick uranium target.
Bas.ically, the spectrometer measures the time%of—ﬂight of a
~ neutron scatfered between two scinfillation eourrtere.. .The‘ intrinsic
time dispersion of the ‘sy..stem is 2.2 nanoseconds (fWhIn) with é '2% inch’
diameter by 23 inch high first defecto‘r and a 9 inch diameter by 8 inch

thick second detector. For a flight path of 4 meters, the energy resolution

of the spectrometer varies from about 2 x 1075

at 10 MeV to 8 x'IO—7 at
500 MeV. Background from neutron—carbor}vinteraction.s is determined .

from separate spectral measurements with first detectors differi’ng

iii
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| significantly in their relative hydrogen-carbon composition. -
Measurements with 14 MeV neutrons c.onfirm the resolution and
: efficiency of the spectrometer at low ehérgies. Measurements
at 220 MeV verify the resolution of the spectrometer at this |
energy and demonstrate the technique for subtraétingf.fhe- c;érboh
background. |

Neutron spectra from 740 MeV proton bombardmént of
a 30-cm thick uraniumAtarg.:e_t, Awer-e r;lea'sure:adv,frjom 20 to 500 MeV -
at 50 degrées and from 5 t; 140 MeV at 130 dégrees .with réspecf '
to the proton beam at LBL. The results ére compafed with a
| Monte Carlo caiculation of the neutrbn céscade-exAr-ap:orati-oAn |
spectrum. While the shapes of the measured ana calculated -
spectra are in geperal agreement, this comparison shows that
the intranuclear cascade model undereétimaﬁes the production of
cascade neutroﬁs at wide ‘angles; furthermore, thls cpmparison
shows that this disérepz_a.néy inéreases wi’;h- in‘creas‘ingAanglé of

emission.
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1._ INTRODUCTION
This report describes the research acéomplishments '
in the program of energetic—neutron" Spectrometrj carried op.t
| un&er contract AT(30-1)-3914 Witﬁ Clarkson College of Tech-
nology during ;che beriod from 1 Decembe'r i967 to 31 March 1972.
The objectives of this work were to develop a self-
contained ﬁme-of—ﬂiéht spectrometer for measuring neutron
specti‘a in the energy region from ébout 10 to 100 MeV and to -
méke measurements of ehergeﬁc —neutrdn spectra at particle
_a,ccelefators. Both of these objéctives were achiéfred; in fact,
as the work progressed it was possible to ex{end the energy

region of the spectrometer down to 1 MeV and up to 500 MeV.

i

Section 2 of this report desqribes the‘spect,rometer and the
spectro-metexf performan.ce'in measuring monoenergetic
'neutrons at 14 an;I 220 MeV. Section 3 describes ﬁleésuré -
ments of.‘neutrohlsp'ectra;from 740 MeV 'prét()n bombafdment
of 'é thick dranium target at the 184-inch cyclotfdn of the
Lawrence Berkeley Laboratory. Measuréments wbere made
from 20 to §00 MeV at A50' degrees and from 5 to 140 MeV -~

at 130 degrees with respect to the pfoton beam.

[



2. THE NEUTRON TIME-OF-FLIGHT SPECTROMETER

2-1. Introduction

The purpose of Section 2 is to describe the designl and |
performance characteristics of the fime—bi;—ﬂight spectromefer
for neutrons from 1 to 500 MeV. Basically, the spectrometer ‘
measureé thé ti\mé—of-“fli‘g.ht of neutrons sca'tté‘r"ed bletv'véer;t.wo o
scintillation counters. The 1ow;energy iimit of the sp.ectrometer :
is defined by the ability to detect recoil prbtons in the first detector
with 100 percent effi‘ciencjr.‘ The high-energy limit OCC;.lrS in 'p-rac—-
tiée when the ba.ckgr'ou..nd bec:ome; sigﬁifiéaht from the lneutron‘-ﬂ
éfoton inelastic scattering reac.tions: | -
n+p+n+p 437‘1r°.
nfp—>n+"n+ﬂ+
Below 500 MeV‘,- the cross sectiohs for these n-p ;inel_ast“ic inter-
actions are_sAmall relative to the total n-p cross ‘.§ection; .he'nce,
the spectrometer can bg used for most applicétions té ‘dete'ct neutrons '
with energies up tov about 5l00 MeV.
Earlier ;\rerSié'r_ls of this‘spectrome‘ter have beeh reported
previously by Madey (1968_--a,' b, ¢) and Osborn and Madey '(i-969 ;':1,- b)
for the energy region from 10 to 100 MeV. The work done since -

these previous reports has extended the energy region of the spectro-



meter down to 1 MeV and up to about 500 MeV, and has included
several advances aﬁd modifications: (1) dévelopment of an
electronic scheme to eliminate blocking in the time—t§-émp11tude
converter, (2) development of a technique for subfracting the
background from neutronf.carbon interactiops, (3) desigln:and
introduction of a large detector to improve the spect;'ometer
efficiency, (4) introduction of consta'mt—.fract'ion timing discrirr.xi.-
nators to improve the energy resolution of the ;s;;ectrometer, |
and (5) develqpment of a technique to .eiirflinate blocking in the

pulse-shape-discrimination system.

2-2. Principle

The neutron spectrometer consists of the_ four écintilla-
tion counters D1, D2, Al, A2, 'Whicﬁ are shown schematically in
Fig. 1.‘ The principle of the spectroinete_r requiresan iﬁcidenf :
‘neutrori to sgatter elastically from a ilydrogen nucleus in the D1
scintillator. The scattered neutron must then travel over a fixed
flight path X and i,nteraicf in the D2 'sc‘intillator. The time-of-flight '
t of the sca‘étered neutron is measured by the time interval between .-

‘the scintillation pulses from the neutron interactions in the DI and
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-

‘Al DI
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FIG. 1 A schematic diagram of the time-of-flight spéctr'émeter. o




D2 detecfors. The purpose of the ‘Al and A2 scintiliatibn detéctoré{
is to veto events produced by charged particles in the in‘cident;and
scattered neutron beams. |

The kinetic energy T' of a scattereci neutronis deter;- ‘
mined from the measured time-éf-ﬂight t and the flight path X
by the rélat'ivistic expressién-

T = M [1/ (1_X2/02t2)1/2 _

1] . Y
where Mn_iTs the neutron rest mass in MeV, and C i_s the speed'
of light. | |

The D2 detector is positioned ét an angleét with respecf :
to the direction of the incident neutrons at the D1 'detector. ~Since
the position of the D2 detector defines the neutron scatteriﬁg
;anglee s tﬁe incident neu;r;;ll:nr:;:lc éﬁérg& 4T is ci‘evtermivn.'ed
from the kil;lernatic expression |

T = 2M/[(+ 2M/T") cos26-11 . (2)

where M is the nucleon rest mass., Here the assumpt.ion‘has

been made that the neutron and proton rest masses are equal.

2-3. Apparatus

2—3. 1 Detectors

The large scintillator shown in Fig. 2 serves as the

D2 detector for measurements above about 15 MeV. This detector'



consists of a 9 inch diameter by 8 inch thick NE-102 plasfic
scin'cill:ai,'oxf"r iéoupled to an Amperex 58 DVP photqmultiialier,'by

© means of a tapered lucite-light-pipe. An aluminum hpusing :
combineS':fhe photomultiplier base, the photomultiplier, _the
magnetic shieid, the light—Apipe., and fhe scintiliator into:é_ single
unit. ’ Using a computer program Writtén by Kui'z k1964), ‘We have
calculated the efficiency of thislscint-illator‘ for 1detectingAtheA '
scattered neutrons. Crabb et al. '(1967), Brady et al.‘ (1968); and
Young et al. (1969-) have reported efficiency measﬁrements vfoAr
neutron energies from 10 to 170 MeV in_agréemént with the values
obtained from the Kurz program; in addition, Kurz has compared
his céicu_lation with ’.che prior measurements of Wie‘gand-et al. (1962j.
- Figure 3 is a plot of the detection efficiency of the 1arge D2 scintil-
la;cor for héutron energies from 10 to 300 MeV‘ for sevér'al detector
thresholds. The dashed pértions of the smooth 'curv:e;s d‘esignéte '
regions Wi‘ti‘l rapid, and sometimes abrdpt, changes in th.e computejd

effici'eﬁcy'. As can be seen from this figure, it is possible to attain

tNuclear Enterprises, Inc., 935 Terminal Way,
San Carlos, California
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a detection efficiency of apprloximétely 20 percen;c or better for
neutron energies above 10 MeV. '

In conjuncfcion vﬁth this large D2 deteétor, we 'havle most |
frequently used a 2% inch diameter by 2% inch high écintiliator for
the Dl detector; however, scin_tillatqrs as large as 4 inch diameter
by 4 iﬁch high have been used for some measurements. ThevAl and ..

A2 anticoincidence_ detectors consist of i inch thick slabs of NE-102

: »plasﬁc scintillator: 4 inches by 4 inches for Al and 6 inches by

6 inches for A2,  The A2 scintillator is bonded to an adiabatic' : -

lucite light-pipe 13 inches high.

. Smaller detectors have been used for neutron energies

below 15 MeV; for example, we have measured a nelitrbn‘spectrum

from 1 to 15 MeV with a 1 inch diameter by 1 inch high NE-102

plastic scintillator for the D1 detector and a 4 in,éh 'diémefer- By ‘
2 inch thick NE-102 plastic scintillator for the D2 detector.

it is well known that the responée of orggnic scintillators
is linear for eleétrons but not for protons. The discriminator
bias of each of the detectors is calibrated in units of equivalent-
electron energy to provide a ljnear scale for adjusting the .discrimi- _
nator bias to a particular recoil proton energy. A'The response of - |

protons in NE-102 scintillator in units of equivalent-electron énergy
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can:be obtaihed from ﬁe calculated reéponse of Gooding and
Pugh (1960, 1961).

The peaks of the Compton spectra.of. the 0. 51 énd 1 28 MeV
gamma-rays from sodium-22 and the 2.62 MeV éammé-rays’.from |
thorium-2'2.8 serve as calibrétiqn points for calibration of the
| diécrii’ninator biases. Since large scintillators are ﬁéed in

this spectrometer, it is necessary to have a'cal.iblrati‘on p;qint,
sﬁch és the peak of a Compton spectrum, WhiChIiS. i‘ns'é.nsitive
to tﬁe pulse-height resolution of the detectér. The Compton -
peak is taken to corrspond to fhe maximum Compton glectron
enefgy producéd by the associated gamma;ray. . |
2-3.2 Electronics
The electronic apparatus shoﬁ(n in Fig. 4 is designed
" to measuré (1) the neutron tjme—of—ﬂight spectrum, (2) the time- -
of-flight sp,ectfuin of accidental coinciciences, f3)-fhe nuirnber éf'
D1"events vetoed, and (4) the number of Dlévents accidentally. '
vetoed. For clarity in identification, the zgf.rouAp of components
performing each of the’sé. functions. have been designatéd coinci-
dence-channels 1, 2; 3, and 4, respectively. |
Coincidénce channel 1 measures tfxe néutroﬁ time-of-

flight spectrum. The time-to-amplitude converter (TAC) converts
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the time interval between scintillation pulses in the DI and D2 |
detectors into a pulse amplitude which is stored in a multi-
.chaneel analyzer. In an early measurement, Osborn. and Madey
{(1969a) éncountered blocking losses in the TAC~.unit-’w>hen'tlee TAC
- received a start eigﬁal'from each scintillation p.u'll'se‘in the Dl detectof.

To :avoid these losses, we have introduced a means ferj', lfejecfing
most of the unwented Dl scintillation pulses since oniy a small i
fraction of the Dl pulses are pfoduced by neuteons .that scatter
into the D2 detector. The criterion f.of selectioh'of a Dl start -
pulse is that a D2 pulse must occur within a preselected_time
interval after a Dl pulse. This selection is made by delaying
the D1 pulse (by inserting DELAY 1) such that the D2 pulse
precedes the Dl pulse to 'the coihcidence module (COINC 2).
A coincidence (in COINC 2) between events in the D1 and D2
detectors generates the start signal for TAC 1 The stop
signal for TAC 1 is a delayed pulse from the saree D2 event
that pfoduced the coincidenc'e.. In this manner, we have achievea
a large 1ncrease in the count rate capaelllty of the spectrometer
without 1ncurr1ng blockmg losses in the TAC. |

The GATE GENERATOR in‘creases.th:e 52 pulse dura-

tion to approximately three times the range of flight-times in the
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spectrum. The range of flight-times, ‘Whichi includes the

-gamma-ray peak.and the neutron 'spectru_lnn, is simply fhé

. ' difference bétween the garﬁma-ray time —of—ﬂight\and tﬁe ti‘me-

of-flight of the lowest neutron energy permitted by the D1

detector bias. This gate-width will insure that there are
regions of the spectrum composed.of 'only' Aaccidental coinci—
dences so that the backgrouﬁd of accidental coincidenceé can

- ~be determined.

Coincidence channel 2 measures the time-of-flight spec- '
trum of acAcidental coincidences. The D2 pulse was delayed by
inserting DELAY 3) fco insure'tha.t fhe D1 and D2 pulses ffom
a real event could not produce a coincidence (in lCOINC'3);'V
hence, only aécidentél or random coin_cidences occur. | Thié '
spectrum was measured simultaneoﬁsly with the neufr.on:'time-, ‘

‘ 6f -flight spectrum and stored in a separaté pbrti&n éf the
analyzer memory. This spectrum is useful in‘ determining thé
background of accidental coincidehces in the neutfon ‘time-of— |
flight spectruin, particﬁlarly if the accidental coincidences.

A have a periodic structure which can occur as a resul;c of the
radio—frequency' structure of an acéelerator bearﬁ. '

- Events resulting from charged pérticles in the incident
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aﬁd scattered neutron beams are vetoed byj cohnecting the

Dl detector and the Al and A2 detectors in anti_éoinqidence
“(in COINC 1). Coincidence channel 3 measureé thel number -
of Dl pulses which were vetoed. .The Dl pulse and the veto
pulse are connected in c.o.incidénce; the number éf coinci-. .
dences is a measure of the .numbef of D1 puls.és vetoed..
Coincidence channel 4 measures the nvumber' of D1 events '
which are accidentally vetoed. The veto pul-sé'is delayed

(by inserting DELAY 5) to insure that a vaiid veto pulsg

and the associated Dl pulse do not. pro-clu'cie a ‘coin,cidence (in
COINC 5); hence, only accidental coihciaences betwe‘eri

the Dl émd veté pulses can occur. The nﬁmber of D1 -evénts
vetoed éccid‘entally are used to' correcf fo.r th:e' Vnumber .of
real events lost on this account. vThis corr‘ectioﬁ-ha_s been -
.negligible in measurements made thus far.

2-4., Backgrounds

Backgroﬁnd events in the time—of—ﬂiéht spectrum-
arise from the foliowiné'.sources: ) accidéntal or random | ‘
coinciderice's, (2) neﬁtron interéctions with carbon nuclei 1n |
the Dl scintilla£or, (3) plural scattering bf n-eu;crons. in‘ '.che D1

scintillator, and (4) gamma-rays. Each of these background.s
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and the associated subtraction technique is déscribed in the .

following subsections.

2-4.1 Accidental Coincideﬁces

If the singles rates in'the Dl and D2 detectors are
designated N; and Ny, respectively, then the number of
accidental .or éhance éqincidences A observed per second

with a steady beam is given by the well known expression
A = NNg(m +12) = - (3)

where -rlland 12 represent the ﬁme durvatic;n‘s of the D1 and

D2 logic pulses, respectively. Since these uﬁcorrelated DL
iand D2 pulses are randpmly distributed in time,. the resulti‘ng
background is a level ”_sea" of events spread over thé éntire
‘time-of-flight spectrum. With a beam from é pulseoi accelera-
tor, the number of 4a‘ccidenta1 coincidences o‘bservéd per

second is given by
A = NN, (71 + T9)/1 ' : @

where f is the duty .cycle of the pulsed beam. Since the uncor-

related D]l and D2 signals from the microbeam pulses are not

randomly distributed in time, the resulting background 'rhay



16

have a series of peaks with the time intérvéli between the peaks
equal to the period between the microbeam pulses; however,.
if the range of neutron energies in the spectrum is large, the
differences in neutron flight-times between ‘the térget and the |
D1 dete.ct.or may spread out each neutron beam .pulse sufficiently |
to unstructufe the spectrum of accideﬁtal coincidénces.A _

As described in Section 2-3; 2, regions composed only
of accidental coincidences are included on both sides of the
real events in the time-of-flight spectrum. These r.egions
are used to subtract the backgréﬁnd of acéiden’cal coincidencés
when the beam is unstructured; in fhis case, the 1eve1 of acci-
dental c‘dincidel‘qces is determined by extrap'olating.the regions ‘
of accidental coincidences through the neutron .,t'ime—of-ﬂi_ght ‘
peak. When the accidental-coincidence ’backg.ro;:l—nd is structured,
the measured spectrum of a‘ccideﬁtal coincidences is used to
Avsubtract the background from the neutron time-offﬂig}.it:spectr.'u'm.

2-4.2 Carbon Background

' Neu;cron-carbonﬁOn-elastic interactions in the D1
scintillator may produce both a detectable charged particle and
a secondary neutron. Such interactions are indistinguishable

from the desired n-p interactions. Carbon background begins.



4to become significant abové about 15 MeV. At 90 MeV, .
Kellogg (1953) has shown that all neutron;éarbon non- |
elastic interactions prbducé charged sécondaries, and
‘about 90 percent of these interactions prdducé secondary
néutroﬁs; furthermore, since the totai -n-C non-elastic
cross-section at 90 MeV is approxi'matel-y 3 times greater. |
than ‘;he total n-p cross section, significaﬁt éarbon back-
ground would be expectéd for high—e.ne.rgy neutrons. At
the present timé, there is insufficiént ﬁeutron-carbon
cross secltion data available to compute the carbbnbac.k-
ground.

A technique haé been develcl)ped to subtract the carbon
background by making separate«m-_easurements of the neutron
specfrum with D1 scintillators differing in their relative. |
carbon-hydrogen composition. - For this'purpose, we have
used NE-le- plastic scintillator (CH; ;45) and NE;228 liquid
Séintiilator (CHy 17)- Ti’le ratio of the numerical density-of
hydrogen in NE-228 to that il"l NE—IOZ is 1. 26; the carbon ratio
. is 0.66. This teclhniql'le assumes that the two tirﬁe—of—ﬂigh‘c .
spectra have been convertéd fo energy spectra, normalized '

to the same beam, and corrected for differences in scintil- -

17
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lator volume and neutron attenuation. The total number bf
events sz in an energy interval j of the NE-228 energy
spectrum can be written

where the subscript 2 represents NE-228, and Ropj énd.
RZCj are the number of events from n-p énd n-C ipt'eracti.ons,
respectively. Likewise, the ni;mber of efrénts le 1n thé
interval j of the NE—102 energy spectrum can be' writteh

From the ratios of the numeric¢al densities of hydrogen and

carbon in the NE-228 and NE-102 scintillators, we can-write

R2HJ =1,26 RlHj ' . ‘ . - (7)
and

R2Cj<= 0. 6.6 R].Cj ’ ) (8)

Substituting these expreésions for R2Hj and RZCj into Eq. (5),

we have

Ry.=1.26 Ry + 0.66 Ricj (9)

2]
Solving Egs. (6) and (9) simultaneously for Rjcj and Riggjs



we find

and
. -1.10 R,. : ' (11)

Ryg = 1. 67 RZJ 13

In a similar manner, the number of n-p and n—C events in.
. the interval j of the'NE-228 energy spectrum can be fdeter-

mined as
R2Hj = 2.. 1.0 sz - 1. 39 Rl] . N (13)

The number of n-p and n-C evehts in each interval of-the --
.NE-102 and VNE—228 energy spectra can be determined from -
Egs. (10) through (13). | |
| A requirement of the éarboﬁ sﬁbtraction technique'is
that the NE-102 and NE-228 detector thresholds be set at the
saﬁe level. To energy calibrate‘theée detectors requires a
knowledge of the responAse‘of. both NE-102 and NE-228 to protons.
The fesponsé of protons in NE-102 cén be obtained from the
ce.tlculated'responvse_‘of Gooding and Pugh (1960, 1961). To

obtain the response of NE-228, we measured the response of
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NE-228 to 3.5, 5.8, and 10. 5 MeV recoil protons from Zt'he

‘ elasﬁc scattering. of 14 MeV protons at the Nationél Research .
Council, Ottawa, Canada. Madey and Waterman (1972) have
described the results of these measurements in a publication

written after the period-covered by this rzef)or,-t. L

2-4, 3 Plﬁral Scattering Background .
A neutron scattered into the D‘2 detéctor 'from' a second

" or higherl—order interaction in the D1 scin_tillétc')rli's indistingﬁish-
able from a single-scattered neutron. | The Aplural scat’tering
background is expected to be more significant in the lower
energy pqrtion of a measured spectrum for two reasons: (1)'the
neutron mean-free-path for nuclear interactions decreases with
decreasiné neutron energy, and (2) plural-scatter;ed neutrons
which reach the D2 detector génerally Jose a largér fract-ion of
their incident energy than neutroﬁs scattered once from profons.
The significance of the plural scattering background aiso depends '
on thé shape of the rieu’tfén spectrum.. On account of fhe sAecond‘-_
reason abové, the percentage of the background in the low;'ener;gy
region will be larger in a spéctrum in which the number of neutrons

increases with energy than in a spectrum in which the number of
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neutrons decreases with éﬂergy. The magnitude of the back-
ground also depends upon the ratio of the:diameter of the bl :
scintillator to the neutron rﬁean—free-f:ath for nuclear inter-
actions. As this ratio ‘decreases,' thé probability of plufal
“sca'ttering also decreases.. The i)lural scattering Background
can be kept at an acceptable lex}el by choosing the (ihnensions
. of. the DIl scintillator 414:9 be smaller than the nuclear inter- |
action méan—free-path for the l‘ow'est—energy_neutrons in the
spectrum. |

The infofma—tion needed to perform“a reliable calcula-
tion of the plural scattering backgroﬁnd would include the
differential érosé sections ‘of the secondary neutrons from
neutron-carbon non-elastic interaétions and thé iight output
in the D1 scintiliator from the charged particles produced in K
these interactions. At the present time, there is insufficienf
.cross section data té make a reliable calculation. l‘

The plurél scattering background has proved not to
be a serious limitation iﬁ .measuréménts made thus far With"
this épectrorheter. In measuriﬁg the néutron s.pectrum above
15 MeV at 130 degrees from 740 MeV protons on a thick ﬁranium

- target, we endeavored to determine the plu'fal scattering back-
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ground by measuring the spectrum with Dl sc_ihtillators of
significantly different diarﬁeter. | Although the experimentai,
errors were large, this measurement indicated the plural
scattering 5ack‘ground in Athis spectrum had an upber limit
of about 12 percent; however, because this spectrum decreased
steef)ly with increasing energy, we believe .that the plural
scattering background is considerably less than 12 pe'rcent...
In another measurement made with .14‘ MeV neutr'c.)ns',A 'th‘e
~plural scattering "ba,ckground was inferred fo be about 15 per-
: cent.. 'fhis measurement is deséribed in Section 2—8.1'.. It
is interesting to note that in this measurement thé j)lural-
_scattered neutrons were séparated from.the real events |

by time-of-flight.

2-4.4 Gamma-Réys

| Singe gamma-rays are separated from neutrpns by
time—of;ﬂight, a low gamma-ray background does not present -
a préblem. With the exqeption of a preliminary‘measurémént |
of neutrons in the 1 to 30 MeV region at the University of ~, '
Rochester, éamma-rays have not been a probleni in measurements
made thus far and additional gamma-ray diséfimination .l.nas not

been n‘eeded.



In the measurement at the University of Rochester,
an intense gamma—fay background increased the singles
rates in the detectors and resulted in a high rate 61’ a‘cci.-»
d.ental coincidénces. “Alt-hough a useable ratio of real toll
accidental coincidenées was achieved by reducing the beam
intensity, the resulting count rate was a rather low 5 counts
‘per minute. The high singles rates in the individual defectors
of the spectrometer precluded the use of conventional pulse-
s’hape—cAlisAcrimi.nation (PSD) systems -to discriminate against
garhma—rays. Since'conventional PSD syétems énalyze éaéh
event in the detectér, blocking losses occur at high singles
rétes. Such blocking losses were encounterea by Osbprn and
Madey (1969a) in an earljmeasurement of 14‘ MéV neutrons |
with a conventional PSD system.

- To improve the perfbfmanée pf the spectrometér in
applications involving very high gamma-ray lbackglrounds,A
Baldvﬁn (1971) undertook-as a Masters thesis problem the
development of a gated PSD system for high data a(iuisition
ratés. This system employs a linear gate between the photo‘—
multiplier anqdle signal'and the appropriate pulse—shépe-

diserimination circuitry. The linear gate is triggered by the

23
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- occurence of a coineidence between everlts in the DI and D2
detectors (COINCA.Z in Fig. 4). By looking at only those |
signal-s .frorn the D1 detector that occur in coincidence with
a D2 signal,.the number of DI signals that are analyzed by |
the PSD system is greatly reducet_i. |
| "For pulse—shape—dis‘.crimination, we use NE—213»
liquid scintillator. In order to subtract background from :
neutron-carbon interactions, a second PSD scintillator is
.needed‘which has a siénificantly different carbon-h};drogen
composition. We have not searched for sueh a scintillato'r,.

.because gamma-rays ha\te not been a probllem‘in measure-
ments made thus far. | |

2-5, Performance Characteristics

2-5.1 Energy Resolution

The relative uncertalnty AT'/T' in the measurement
of the scattered neutron kinetic energy, Whlch can be derived

from Eq. (1), is

. M2 . | t
where £X is the uncertainty in the neutron flight path and At
..is the intrinsic time dispersion of the system. The relative

uncertainty A T/T in the incident neutroh kinetic energ‘y, which

(14)
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can be derived from Eq. (2), is

[(T' + 2M) Cos 0 3 - T T

where A0 | is the uncertainty in the neutron scattering angle.
The uncertainty» AX in the neutron flight path and
- the uncertainty 'AO in the neutroﬁ scatter'ing.angle are both
a result.of‘ the finite dimensions of the D1 and D2 scintillators.
Waterman (197 3)_ has written computer programs (in FORTRAN o
I_V) to compile histograms of the distributions of ﬂighi':—.paths | |
and-scattering angies for neutrone scattered frorﬁ the Dl
scintillator into the Dé scintillato(r.. - Each of these uncer-
tainties are taken te be the half—Widfh at. half - maximum o-f-
the distribution. The intrinsic time dispersion ’At of ﬂﬁe
system ie minimized by using constant-fraction of puise—
. height timing discrimihators for the DI and D2 detectors.
In Figure'5, the time dispersion with the 2% ineh diameter
by 23 inch high Dl detector and the 9 inch diamefer by 8 inch
thick D2 detector is 2.2 naneseconds (fwhmv) for'a dynamic
range of pulee-heights of 10 to 1 from a cobalt-60 source. :
For the two detectors mentioned in the above para-

- graph, the energy resolution is shown in Fig. 6 for neutron -
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FIG. 5 The time resolution obtained with a 23 inch diameter by 2%
inch high D1 scintillator and a 9 inch diameter by 8 inch thick D2
scintillator for a dynamic range of pulse-heights of 10:1 from a | )
cobalt-60 source. The intrinsic time dispersion is 2.2 nsec (fwhm). - .



27

1074

'l'!v!l

S
O
!

e 10
20
50
100
200
o . '. 5‘06
0 10 20 30 40 50 60
ENERGY RESOLUTION, AT/T (%) A'

SPECTROMETER EFFICIENCY, €

9
21
]

l]llll.l

> » < 0 @.

FIG. 6 The efficiency and energy resolution for neutron energies .
from 10 to 500 MeV and neutron flight paths of from-1 to 5 meters
for a spectrometer consisting of a 23 inch diameter by 2% inch

high NE-228 DI scintillator and a 9 inch diameter by 8 inch thick )

NE-102 D2 scintillator positioned at-an angle of 40 degrees with
respect to the direction of the incident neutrons-at the D1 sc1nt11—A

~lator. A distance of 15 meters was assumed between the target
and D1 sc1nt111ator. :
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energies from 10 to 500 MeV and for flight-paths from 1 to
5 mete-rs; for example, for a mean-flight pa';h of 4 méters,
the energy resolution varies from 7 percent at 10 MeV, ‘to

9 percent at 100 MeV, to 20 percent at 560 MeV,

2-5.2 Spectrometer Efficiency

For neutrons with kinetié energy T, the"spectror.ne‘ter
efficiency is defined as' the ratio of the number of neutrbﬁs/sec
detected to-the nﬁmber of neutrons/sec incident é6n thé spectr04—-
meter. The expressioh for the épe.ctrometer efficie.‘ncy as a.
function of the incident neutron énergy and the 4neutron‘ scat-
tering angle is derived in the following paragréphs.

The differential probability dP (T,8,,8 ,x,g,, z) per |
umt time that a neutron with kinetic energ& Tina differen’lci'al .
kinetic energy ihtervél dT will scatter elastically frq’rh a proton
in a volume ‘element dV of the Dl detector and escépe in a direction

§  within a differential solid angle gq is given by |
(aP (T,8%,8,x,y,2) = £(T,8,) dT d2,ngg: (T,X,¥,2)

-o(lT,?E.)gé(T,ﬁ,x,y,z) an dL 7 (16)“

Here § , 1is the incident neutron direction measured with respect

to the direction of the beam that produces the rieutxjons;- f(T,§; )daTan,
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ié the number of neutrons produced at a source per unit

time Withip a differential kineﬁc energy interval dT about

the energy T and within a differential solid angle interval

dgl‘ about the direction @, ; the solid angle interval

an, representé the solid angle subtended by a differential
volume element.dV of the D1 detector- at the neutron source;

. Dy is the numerical density of hydrogen in the D1 detector;
'gl(T, X, ¥, z) is the attenuation of the incident neutrons in
reaching thg volume elemént dV centered at the cc;ordinates
X, Y, 2 o('I",ﬁ§ is the cross—section} per pfoton for elastically'
scattering a neutron with kinetic energy T in a direction 5
measured with respect to the ir;cident neutron dire;:tion §1 ;‘
g5 (1,0 ;x,y ,2)is the 'attehuat'ioﬁ of neutrons s,cétt_er:ed irﬁl- jche-
direction ol from the volume element dV of the Dl détector;

_and dL is the path-length through the volume element dV in

the direction parallel to 51

In practice, the DI detector is positioned at a
distance from the neutron source which is large compared
with the dimensions of either the DI detector or the

neutron source. Although this spacing is usually
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defined by the shielding material and neﬁtron collimator
between the Dl detector and neutrén source, it is important
that this distance be large so that the uncertainty in thé
direction of4 neutrons incident on the Dl detector is small.
Since the neutron scattering angle is mfeasured with respect
to the incident neutron direction, the direction of the ir;ci— A
dent neutrons must be v‘véll defined in order to reduce the
uncertainty in the neutron scattering angle. If the distance
between the source and the Dl detector is large compared
with the dimensions of the source and Dl detecfor, the solid
éngle de, sp.btended by each volume element of the Dl de-
tector is given to a good approxirﬁation by

dq, - da/x1? | a7
where dA is the cross-sectional area of the volume elemgnt
dV normal to the direction. 51 . Furthermore, since t.heA
- divergence of the initié.l beam is small, the cross-sectional
larea dA is approximately equal to dy dz, the cross-sectional
area of the volume -elem'e'r.lt dV. Also, since the divergenée
of the incident beam i‘sAso sfnall,. the path length dL ’ghrdugh .
| the volume element f)arallel to incident neutron direction

§x can be represented by dx. Also in this approxi-



mation of a nearly parallel neutron beam, the quantity f(T,%: )

can be regarded to be independent of the prdduction direction $

over the dimensions of the Dl detector. Substituting Eq. (17)

and noting that dV = dxdA, we can rewrite Eq.. (16) as
. S :
dap (T,Qly ﬁ,x',y:x) = f(Taﬁl )dT nH gl(T,x,y,z) (o (T, ﬁ)

: g2(T,§,x,y,z). andv/x12 (8

The expression for the differential counting rate
L . , v
dR(T, 51,9 ) of neutrons with kinetic energy T within a

differential kinetic ehergy interval dT can be written as ‘

AR(T,%1,8) = e2(T,8)f S dP‘(T,nl,Q,x,-y,z-)A . | (19) :
-V a A .
where €2(T,%)  is the probability or efficiency for de-
técting ﬁeutroné scattefed in the direction # in the'Dé
: detecféf. The double integration is carriéd ou;c over the .‘
volume V of the D1 deteétor.and over the solid angle Q
subtended by the D2 detéqtor at the volume.element dVv.

In practice, the distance between the Dl and D2 detectors

is chosen to be large so that the neutron flight-path is large

- compared with the uncertainty in the flight-path. In this .

case, the Solid angle Q subtended by the D2' detector at each

31
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volume element of the Dl detector is approximately equal to the

solid angle Q. subtended by the D2 detector at the center of the

2
D1 detector. Furthermore, the differential cross-section o(T,R)
can be considered independent of the direction ¢ of the scattered

neutron over the dimensions of the D2 detector. In this approxima-

tion, integration of Eq. (19) over the solid éngle 2 can be written as

f o (T,8) dQ = o (T,2) 2, (20?
2 :

Integration of Eq. (19) over the volume is evaluated numerically
by a computer subroﬁti-ne called A.TTN written by Waterman‘}(lé73).
- The result of the integration of the attenuation factors g and g9
over the volume of thfe Dl detectorl yields an effective. volume -

v (i’,ﬁ) * which is a function of the neutron energy. Integration

over the volume can be expressed as

J gl(T,x,y,z)g2(T,§,x,y,Z)dV = v (17,9) (21) .
v : g . ‘

The effective volume V' (T,ﬁ) is a fraction G(_T,ﬁ) of the actual.

volume

G(T,8) = V' (7,8) /v o (22)
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where G(T,AQ) is defined as the total attenuation factor. Sub-
stituting Eqs. (20), (21), and (22) into Eq. (19), the differential

counting rate can be expressed as

dR(T,3,,8) = e2(T,8) £(7,8 ) nHG('T-,é)o' (T,8).V dT/x12  (23)

- The- differential number dNo’('I‘,ﬁl) of neutrons/sec
" incident on the spectrometer within a differential kinetic
energy interval dT about the energy T is given by

A, (T, ) = dT f £(T, %) am (24)

‘where the integration of the solid ‘angle 21 is carried out over

the dimensions of the Dl detector. Integration of Eq. (24) gives -

dN_o(T,?Sl) = £(T,%,) 9,47 o | . (25)

where $ is the solid ariglé subtended by the Dl detector at the
neutron source.

The spectrometer‘efﬁciencys(T,Q) is given by the ratio

. dR- , dNo
of' g from Eg. (23) to 3T from Eq. (25).
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e, (T,2) nG(D) o (1,2

e(T,-SE) = ' > (26)

X1 Ql

Since n-p elastic scattering has azimuthal symmetry about
the direction of the incident neutron, Eq. (26) can be written

in terms of the neutron scattering angle 6 as
T,0)n G(T):o(T,0)Q V
ey (D0 G(D:0(T,00%,

e(T,08) = (27)

2 o
X1 Q
1 | I

The spectrometer efficiency is:pldfted in Fig. 6
‘veréus the energy resolution for 'neu"cron energies from
10 to 500 MeV and for neutron flight-paths from 1 to 5 meters.’
These valﬁes were computed from Eq. ( 27) for a spectrometer
configuration consisting of a 23 inch diameter by 2% inch . +
high NE—228 Dl detector and a 9 inch diameter by 8 inch ‘giaick
D2 detector and for a neutron scattering aﬁgle of 40 degrees.
A distance of 15 meters was assumed between the target and
the Dl detector. Figure'6' permits_ the overall performahce»
4 ?)f the spectrometer to be evaluated' as a function of the neﬁtron'

energy and flight-path. The configuration for any particular

/’
a

measurement generally represents a compromise between
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count rate and energy resolution.

2-5. 3 Count-Rate Capability
‘Ir; practice, the coﬁnt-rate ‘capability of the spectro-

, meter is limited by the rate of accidentél coincidences rather

- than By blocking losses. As the beam iﬂtensity is raised, the
rate of real coincidences increases linearly with tﬁe beam
' intensity, whereas the rate of accidental coincidences increases
as the square of the beam intensity. When the raﬁo of reai to
accidental coincidences becomes much léss than 1, a srﬁall error .
in the determination of ‘the numbér of accidental coincidences

results in a significant error in the number of real events.

- The rate of accidental coincidences can be reduced by shield-

ing the D2 detector frbm the targét and from stray radiation
to reduce the event rate in this detector.

Bl ocking étudies conducted with 14 MeV neutrons showed
thaf the multichannel analyzer:r which is the slowest unit in
the eléctronic configuration, céuld accept count rafces of 300
counts /sec with 1 percen"t:_blocking. The Ablocking level of the |
Dl detector was not reached at a singles rate of 106 coAunts4/sec,
which was the maximum rate attainable with 'the‘ beam. Blockinlg' o

has not occurré‘d (in either the detectors or the analyzeér) in '

T Northern Scientific Model NS-605
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measurements made thus far because thé count rétes of
real events were limited to about 1 count/sec by accidental
count rates of the same order of magnlitude. ‘

It should be noted that real events may be ''blocked" |
by éccidehtal coincidences if the rate{of accidental coinci-
deﬁces is large in comparison to the rate of real events. |
Whenever a scattered neutron from a real event is détected
in thé D2 detector,. the coincidence (COINC 2 in f‘ig., 4) is
"open' for a time interval equal to the duration 1:2 of the
D2 logic pulse (typically 250 nse). The probability P, that
~an uncorrelated D1 pulse from a random event will arrive

at the coincidence module during this time interval T2is

P, = Nlrg/f - - (28)

where N, is Athe observed singles rate in the Dl detector a.nd :
f 1s fheA duty cycle of theA beam. In practice, the tir;ling of

the electronics is adjusted to record the real events in the
central portion of the timé—_of —ﬂighf ‘sﬁe_ctrum with regAions.'

of accidental coincidences on either side; therefore, for real

events, the wide D2 pulse precedes the narrow Dl puise to « °

the coincidence module (COINC 2 in Fig.  4) by about T5/2 nsec.
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It is only during this interval 1,/2 that the valid DI pulse
can be '"blocked' by a random Dl pulse; hence, the probability

P, that a real event will be ""blocked' or lost is

(29)

P, = N1T2/2f

2

In measurements made thus far, less than 2 percent of the

real events have been lost on this account.

2-8. Typical Time-of—Flighf Spectra
Typicai neutron firﬁe-of—flight spectra' are plotted in
Figs. 7 (a) and 8 (a). ‘The spectra shown i'n Fig. 7 were g
~ generated by neutrons from about 50 to 400 MeV produced
by stripping 447 MeV deutérons on a 3/8—inch. beryllium
target. The sApectra. shown in Fig. 8 were generated by
neutrons from 15 to about 140 MeV pfoduéed at 130 de;grees
by 740 MeV proton bombardment of a thick uranium targét.
In Figs. 7 (a) and 8 (.a), the narrow péak on the left is
the gamma-ray fizrie—of—'flight peak; the broad central peak is
- the neutron time—of—ﬂightn peak; a’nc'l the spike at the right
edge is an instrumental a-rtifact céused by accide’ﬁtal' coin-

“cidences in which the TAC start and stop signals wer'e“both .



COUNTS PER CHANNEL

1000

800

600

400}

200

400

200

38

(a)

NEUTRONS AT 0° FROM

447 MeV DEUTERONS ON Be -

() | o R

A 1 L. 3 L . L 1 4 1

240 480 720 ~960 .
‘ CHANNEL NUMBER -

FIG. 7 (a) Neutron time-of-flight spectrum and (b) spectrum of accidental
coincidences_at 0 degrees from 447 MeV deuterons on a 3/8 inch
thick beryllium target. ‘
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FIG. 8 (a) Neutron time-of-flight spectrum and (b) spectrum of
accidental coincidences at 130 degrees from 740 MeV protons
on a 30-cm thick uramum target.
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timed on the D2 detector pulse. The regions to the left and right of
the time-of-flight peaks are composed entirely of accidental coinci- -
dences. The accidental-coincidence spectrum in Fig. T(b) hag a
period structure of the accidentals in Fig. 7(b) vis out of phase with
the' periodic structure; Whereas that in.Fig. 8(b) is unstructured.
The periodic structure of the accidentals in Fig. 7(b)'ié_ out.of phase
with the periodic structure of the accidentals in Fig. 7(a) because

these spectra were measured with different coincidence circuits.

2-7. Analysis of a Time-of-Flight Spectrum

- The first step in the analysis of a time-of-flight spec-
trum is to subtract the background of accidental coincidences
iAn the manner described in Section 2-4.1. The time-of-flight
spectrum can 'then be converted to an énergy spectrum by cbm-
puting the incident neutron energy T, corresponding to each |
channel i of "c'he time—of—ﬂight spectrﬁm. To determine the
incident neutron energy Ty, it is first neceséary to determine
the tirhe-of-ﬂight ;Ci corresponding to each channel i of the
spectrum. The ﬂight—tirﬁ,e t; is de’;erminéd from the mean
channel of gamma-ray time-of-flight peak and the time
calibration of the analyzer. If channel g denot’és the mean
channel of the gamma-ray peak, the timé -of -flight cor’r"esponc;—

ing to channel g is given to a good approximation by
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. tg =X/c | (30)
where X is the gammal—ray flight path defined as the distance
between tﬁe centers of the D1 and D2 detectors, arid c i>s the
speed of light. ‘ The time difference Atgj between .any channel
i in the spéctrum and channel g is given blyA
Atgi = (g—i)Tc (31)

where Tc is the time calibration of the ahalyzer expressed in

units of nanoseconds per channel. The time-of-flight t; cor-

responding to any channel of the spectrum is then

t=Xle+@-DT @)

From Eq. (1), the scattered neutron kinetic energy Ti' cor-

responding to channel i is ‘givep.by

. |
T, = M /a-x2/c3) * 17 | (33)

"From Eq. (2), the incident neutron kinetic energy Ti cor-~ -

responding to channel i is given by
T; = 2M/ '[(1~+2M/Ti') cosze -1] (34)

To improve the statistics, several channels can be combined

into energy intervals of approximately the same energy
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width; alternatively, the size of the intervals can be chosen
to correspond to the energy resolution of the specfrometer..
It should be noted that the energy interval represented by
each channel is nonuniform; therefore, it is not possiblé to

regroup the data in intervals of precisely the same energy

© width.

-For neutron spectra above 15 MeV, the carbon back-
ground must be subtracted as described in Section 2-4, 2.
The spectrometer efficiency as givén by Eq. (27) is a func-
tion of 'the neutron energy; therefore, :; cérreétion must be
made to each energy interval of the measured épectrum for-
differences in the spectrometer efficiency. The correct |
relative energy spectrum is obtained by“dividing' the number
of events per MeV observed in each energy interval by the

corresponding spectrometer efficience €(T).

2-8. Performance of thg Spectrometer with Monoenergetic Neutrons
The performance of the spectrometef has been studied at |

both 14 and 220 Mev Witﬁ 'monoenergetic neutrons. The results

of these meéasurements are given iﬁ the following subsectic;ns. '

2-8.1 Performance at 14 MeV

The performance of the spectrometer at 14 MeV was
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studied from the results of several experirﬁents qonducted at
" the Natiqnal Research Council, Ottawa, Canada. There were
two distinct advantages in these experiments with 14 MeV neutrons:
(1) The neutrons are monoénergetic. The spread in the
neutron energy is negligible in comparison with the
energy resolution of the spec‘grometer. |
(2) At the National Research Council at Ottawa, the |
abéolute intensity of the 14 MeV neuffons‘ can be
monitored with a precision iong counter calibrated
with the Canadian National Sfandard americium-.
- beryllium source. The knowledge of the absolute -
- neutron in_ten}sity‘. permits coniparison of t'h.e calcu-
lated and observed count rates. |
- In July and December of 1968, Osborn and Madey (1969a, b)’
confirmed 'the -principle of the spéctrometer; but the count rate
was found to be limited by blocking in the tirhe—to-amplitude
converter (TAC) unit. At the National Research Coﬁncﬂ in
January 1970, Waterman. et al. (1970) tested an electronic scheme
which eliminated the TAC blocking. During these meaéurefnents,
.dei;icien‘cies_wer’e fourid in t.he‘ technique then used to Acalibféte",

- the discriminator bias levels. This technique was based on the
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extrapolated upper edge of the sodium-22 Compton spectrufn'
as defined by Verbinski (1968). In June and Noverﬁber, 1970,
we tested a technique for ehergy calibration of the détectors
usi.ng the peaks of the Compton spectra as éallibration points.
During the November, 1970 measuremenfs, we corﬁpared the
performance of constant-fraction-timing ,discrimiﬁators td the

. performance of leading-edge discriminators. Also dufing the
November 1970 run, Madey and Waterman (1973) measured |
the response of NE-228 liquid scintillator to 3.5, 5.8, and
10.5 MeV rr.'ecoil protons from elastic scattering of 14 MeV
heutrons.

In the remainder of this section, the results of a time-
of—ﬂight measurement made in November 19A70 will be described
as an example of the spectrometer performan;:e at 14 MeV., In

~ this measurement, 14 MeV neutrons produced by th_e t(d, ﬂ) o
reaction were incident on a -2% inch diameter by 2% inch high‘
NE-228 D1 scintillator vx-/hich was positioned 70 cm frqm the -
target and at an angle o_f- 98 degrees with reépect to the incident
deuteron beam. The D2 detector, -Which con_sisted. of & 4:inch dia-
metér by 4 inch thick NE-102 plastic scintillator, was pgsifioned 175 cm

_.from the Dl detector and at an angle of 40 degrees with respect ‘
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to the direction of the incident neutrons at thé Dl detector.

The measured energy spectrum is plotted as a histo-
gram in Fig. 9. AA The region ‘of the spéctrum above 11. 3 MeV
| Wés normalized. to a Gaussian distribution which was required
to have a half-width at half-maximum équai to the computed
energy resolution (of 11 percent). This Gaussian distribution
is shown as a dashed curve in Fig. 9. Comparison of this
Gaussian 4distribution- with the measured spectrum ipdicates
that the observed and computed energy resolutions agree.

The measurement shown in Fig. 9 was made using -
- constant-fraction-timing discrimiriator;s. In a separéte
‘ measurément, we compared the resolution of the spectro-
" meter with constant-fraction-timing discriminators to fhat with
leading-edge discriminators. The time resolution with the
constant-fractionn-timing discriminators was significa‘htly
better; the fwhm of the 1»4 MeV neutron peak was 5. 3 nsec
with the leading-edge discriminators and 3.8 nsec with the
constant—fraction-,timiné discriminators. The corresponding
en’ergyAresol'ution is 14 percent with thé leading-edgé discri- -
minators and 11 percent with the constant-fraction-timing

diseriminators. Note that the fwhm of the 14 MeV neuti'on
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peak is greater than that shown in Fig. 5 for gamma-rays.

The 14 MeV neutron peak has a fwhm of 3. 8_ nsec W‘herea_s

the gamma-ray peak has a 'fwhni of 2.2 nsec. This difference
arises because the scattered neutrons have. a distribution of - . ‘
. energies and velocities cofrespondiﬁg to the uncertainty ‘A@ |
in the neutron scattering angle 0 . Gamma—rays, on the

- other hand, travel at the speed of light regardless of éhergy.

A precision long counter (PLC) similar in design to.
that first built by Hanson and McKibben (1947) Vx}aé used to
meésure the neutron flux préduced at the farget. This
knowledge of the neutron source strength permitted the
observed and calculated count rates to be compared. For
this measurement, we expected about 7000 gyénts and obtained |
6850 events within the Gaussian distribution shown in Fig. 9

"If the numbeér of events in the Gaussian distribution is takien
to be the true number of real events, then the computed and
observed count rates agree to within about 2 percent. ‘The
plateau of events in the'l'o.w~energy'reg'ion from é_to 11 MeV
is attributed to plural scattering background. A total of 7950
events were observed in the time-of-flight spectrurﬁ. This

indicates that the plural scaftering backgrdund comprised
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approximately 15 percent of the total number of events in fhe
time-of-flight spectrum.

The energy resqlutién of the spectrometer at 14 MeV
is potentially much better than 11 percent; The Dl detector
was positioned 70 cm from the target to enhance the count
rate; however, this increased the uncertainty.u AO in 'the
néutfon scattering angle. If the. D1 detector had been posi- -
tioned further from the target, the resolutidn would have been
improved. As indicated in Fig.. 4, an energy resolu.tion of
6 percent is attainable at 14 MeV With. a 4 meter flight-path.

2-8.2 Performance at 220 MeV.

Although there are no truly monenergetic hi‘gh—enefgy
neutron beams, an approximately monoenergetic neutron beam
. can be produced by the deuteron stripping pf‘ocess. The per-

formance of the spectrometer at épproximately» 220 MeV was
_studied by measuring the neutrons produced af zero degrees

by stripping 447 MeV deuterons with a 3/8-inch thick beryllium
target .at the Lawrénce .Bérkeiey Laboratory. For 447 MeV
deuterons, tHe stripping theory: of Serber (1947a) predicts ;.
mean neutron energy of 223.5 MeV with an energy spread of

approximately 47 MeV (fwhm).
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FIG. 10 Measured spectrum of neutrons at 0 degrees from 447 MeV
deuterons on a 3/8-inch beryllium target. The resolution broaden-
ed spectrum predicted by the Serber stripping theory is shown as
a dashed curve. ‘



50

The large Al, A2, DI, and D2 scintillators described |
in Section 2-3.1 were used for this measurement. -The neutron
beam was viewed at approximately 15 meters from the targét '
through a rectangular aperture 2 inch wide by 2 inch high in |
a 4 foot:long'stéel collimator, which ’Was:emb‘edde'd'in‘ the: concrete
wall shielding the cyclotr.o‘n. The D2 detector was positioned
~ 5 meters from the Dl detector and at an angle of 50 degrees
with respect to the direction of the incident neutfons at the
Dl detector. Separate measurements were made Wﬂ;h NE-102
plastic and NE-228 liquid Dl scintillators to permit subtraction
of the carbon background. The NE-228 spectrum is shéwn in.. Fig, 7.
The carbon background in the time-of-flight spectra was extensive..
The carbon Background comprised 85 percent of the real events in the -
spect I‘un;l( measured with the NE-102 DI scintillator and 74 peréent in
the spectrum measured with the NE-228 D1 s-cintillator;.
The measured energy sp'ectrum is plotted as ;a histo-
~gram in Fig. 10. The c'omputéd energy resolution at 220 MeV"
is 10 percent. The. resoii;tibn—broadened theoretical spectrum,
which was nérmalized to the region of the observed épectrﬁm
above 175 MeV, is shown as a dashed cufve. The agreement |

 between the fwhm of the observed and theoretical spect‘fa indi-
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cates tﬁat the comf)uted energy. resolution is correct. The
‘events above the theoretical curve if_rthe region from 100 to‘
175 MeV are attfibuted to direct interactions of the deuterons |
with the beryllium nucleus. An abundance of low-energy-
neutrons was also observed by Hadley et al. (1’949) in the
neutron sbectrum producéd by stripi)ing 190 MeV deuterons

on a 1,27 cm thick beryllium target. Since an absolute neutron
fnonitor was not available for this measurem‘ent, wé could not

verify the spectrometer efficiencj.



3. MEASUREMENT OF THE NEUTRON SPECTRA FROM
740 MeV PROTONS ON A THICK URANIUM TARGET

3 -1. Introduction

The purpose- Qf Section 3 is to describe the méasuremen’g
.of the neutx;on spectra from 740 MeV protons' on a 30-cm thick |
_depletéd uranium tar.get at the _Lawrence Berkei_ey Laboratory
) (LBL). Three separate measureménts are\reportedz from 20
to 500 MeV at 50 degrees; from 1 to 15 MeV at 130. degrees; and
from 15 to 140 MeV at 30 degrees with respect to the prqton
‘beam. The 50 degree measurements were made in Jainuary 1971;
the 130 degree measurements in March 1971.

Thé generél purpose of fchese measurements Wa‘s to test
the degreeA of validity of the Monte Carlo calculation based on the
intranuclear cascade model. Bertini (1963,1965,1967,1969) |
has compared the predictions of the intranuclear cascade
model to thin target measur'emenfs in the energy region f;t'oin
30.to 2900 MeV. Althoﬁgh these comparisons show that the
- intranuclear cascade mddel gives a good description of many
nuclear reactions invol’viﬁg nucleons on.complex r;uclei, ‘they
also point out the existence <;f a number of discrepancies.

Similarly, discrepancies exist between thifck—'target measure- .

52
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ments and theory. Comparisons of thick target fneasurer’nents
and theory have béen reported' by Fullwood et al. (1972),
Wachter et al. (1967, 1972), Alsrniller.(1969). Fuliwood i
et al (1972) have car;ried out Monte Carlo calculations .of the
neutron production from medium-<+energy proton bombardment
of heavy—inetal targefcs. The purpose of these ca}gulations was
two-fold: (1) to predict theAamount of shielding r'equired by the

Los Alamos Meson Physics Facility (LAMPF), and (2) to develop

a high-intensity pulsed neutron source generated by 800 MeV protons -

from the LAMPF accelerator. To test the validity of these cal-

culations, Los Alamos (LASL) set up an experiment at the Lawrence =

Berkeley Laboratory (LBL) 184-inch cyclotron to measure the

neutron spectra from 740 MeV protron bombardment of a 30-cm thick’

depleted-uranium target. We were invited to participate
in these measurements and, in particular, fo fneasure fh'e '
high-energy or cascade region of the spectrum. In a com-
panion experiment with different techniques, Veeser et al.
| (1972, 1973) rﬁeasured fhe' evapofation neutron épectra f%om

60 keV to 10 MeV at both 50 and 130 degrees.
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Prior to theée measurements, the data of Fraser,
Hewitt, ana Walker (1966) represented thé only measure-
ments a\‘}ailabie on neutron spectra from heavy-metal targets
at proton bombarding energies above the pion production
thféshold. Fx;aser et al. measured the neutron spectra
produced at angles of 45, 90, and 135 degrees by 1 GeV
prétons on a leéd target 20 cm diameter by 30 cm thick.
Fullwood et al. (1972) have cal-culafed the neutron production
from 800 MeV pro1;ons on a lead target 15 cm diameter by
30 cm thick and compared these calculations With the data
of Frasef et al. At 10 MeV, the experimental results are
20 to 40 percent higher than the calculéted values. From
30 to 150 MeV, the agreement is good for the 45 degree
spectrum, 'fair at 90 degrees', and poor at 135- dégree_s.‘
At each angle, the measured yield is higher than the ca‘lci;l—

lated yield.



3-2. Experimental Arrangement -

 Figure 11 is a simplified diagram of the experi-

mental arrangement. “The target consisted of twelve 15 cm
diameterv byi 2.5 cm thick disks of depleted uranium-238

held together by a 3mm thick steel casing. The 740 MeV
prdton beam from the 184-inch cyclotron traveled through
air and struck the 30 cm tﬁck target on axis. The beam
spot for the measurement at 50 degrees was approximately
»4 ¢m high by 7 cm wide; at 130 degrees, the beam .spo.t was
approximately 8 cm high' by 2 chl wide. Sincé thé range of
740 MeV protons in uranium is about 25 cm, the proton beam
was stopped in the target. A h'eliﬁm—ﬁlled ion chamber ipte—
grated the total beaxﬁ on the targe’%. ‘ThisA chamber was cali-
brated by the Health Physics Division of LBL by placing a
1/16-~ inch thick polethylene diék‘ in front bf the chamber

and measuring the activity of carbon-11 produced by the
- (p, np) f'eaction. This calibratioﬁ is known to ITq pefcent.

Typical beam currents of from 1 to 3 nanoamperes were

- -used for the neutron measurements.

As.indicated in Fig. 11, two target positions were

used4to permit measurements at 50 and 130 degrees.. The
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FIG. 11 Schematic diagram of the experimental set up at the LBL 184-inch cyclotron,
(A) uranium-238 target in position for 50° measurement; (B) 50° ion-chamber
position; ‘ (C) 130° target position; (D) 130° ion-chamber position; (E) 30-cm
quadrupole magnet; (F) proton beam; (G) 20-cm high steel collimator; (H) Al
anti-coincidence and Dl detectors; (I) A2 anti-coincidence detector; (J) D2
detector; (K) 20-cm quadrupole magnet.
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collimator consisted of a. 20 cm thick steel pléte assembled fo
the shape shown in Fig. 11 with reinforced concrete above and
below the channel. The éxit aperture of this cbllimator was
approximately 7.6 cm wide by 20 cm high-. The spectro-
meter configuration fqr the measurement at 50 degrees is
shown schematically in Fig. 11.

3-3. Time -of-Flight Measurements

Three separate spectrum measurements were made:
(1) from 20 to 500 MeV at 50 degrees, (2) from1 to 15 MeV at
130 degrees, and (3) from 15 to 140 MeV at 130 degreés with |
~respect to the proton beam. The neutron f_lkight-path- used for
each of these measurements was selected to attain an enefgy
resolution of between 10 and 20 percent for the rangé of energies
measured. Small scintillators were used for the low-energy
measur‘em‘entA at 130 degrees to avoidﬂsevere neutron at';enu-
ation and to reduceAthe plural scattering background. The
scintillator dimensions for each measurement are listéd in
Table I. "The mean neﬁt.ron flight-path and scafte.ring angle
are listed in Table II. Separate measurements were rﬁade
with NE-iOZ and NE-228 D1 scintillators for neutron energies

s

above 15 MeV to permit subtraction of the background from



TABLE I. Scintillator dimensions used in the measurements from the thick uranium target.

' (i)
Spectral Region , . Scintillator Dimensions in inches
Observation - Energy Dl cylinder D2 cylinder . Al slab .+ A2 slab
angle . -region ' :
% (deg) T(MeV) d h d "h ' " h w & - h w ¢
50 >20 ' 4 4 9 g 4 4 1 4 4 1
130 1-15 1 1 . 4 3 | 4 4 %+ 6 6 %
130 >15 2% 23 9 8 4 4 .3 6 6 L

(1) : _ o B
height (h), diameter (d), width (w), thickness (2)
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TABLE II. The neutron flight-path and scattering angle in the measurements from the thick
uranium target ' ' .

Observation - Energy ~ Mean-neutron Mean-neutron

angle region _ flight path : scattering angle-
®(deg) - T(MeV) ' | X(ém) o 0 (deg)

50 ' >20 o 300 | do

130 o 1-15 o N 98 - 39

130 | 15 | 226 39

66
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neutron-carbon interactions. All other scintillators
consisted of NE-102 plastic.

Figure 8 is an e;(ample of thé data obtained in a
time-of-flight measurement. Fig. 8(a) is a plot of the :
counts per channel versus the channel number for neutrons
for 15 to 140 MeV at 130 degrees. ' This spectrum was mea-
sured with an NE-102 DI sciﬁtillator; tiae measurement with
an NE-228 scintillator is very similar_in appearance and
is not shown. In addition to the neutron t‘ime—of-ﬂight
spectrum, the spectrum of accidental coincidences was
measured with a separate delayed coihciden;e channel.
f‘igure 8 (b) is a‘plo’c of the spec;trum of aécidental"coinéi—
dences‘ which was measured simultaneously with the neutron
tirﬁe—of—ﬂight spectrum shown m Fig. 8 (a). The numl-)er of
events vetoed and the nurﬁber o'f events veoted accidentally
were also measured. ‘The number of’ events vetoed acci; '

- dentally was less than 1 percent.

Background tirf;e —of—ﬂight measurements were

made with the uranium target out of the beam at the begin-

ning and conclusion of each measurement. With the target

out, the number of background events was less than 3 of 1 -



61

perce‘nt of the number of real events with the target in.

3-4. Analysis of the Time-of-Flight Data

An;alysis of the time-of-flight dataA proceeds |
through four basic steps: (1) subtraction of tﬁe acci-
dental coincidences, (25 time-of-flight and energy cali- :
bration of the spectrum, (3) subtraction of the car;bori
background, and (4) conversion to absolute units. Each'
of these steps is described briefly in the following para-
graphs. | |

The level of accidental coincidénces in the high-
energy time-of-flight spectra was determined by ‘pe.r—
forming a linear least-squares fit to the regions of
accidental coincidences on both sides of the gamma-ray
and neutron time-of-flight peaks. The channels selected
for the least—sciuares fit were far enoﬁgh removea from

the‘gamma-ray and neutron peakls to avoid a contribution

from "tails" of these spectra. The neutron time-of-flight peak
in the low-energy measﬁrement at 130 degrees extends to the
right-hand ‘edge of the spectrum; hénce, the method described above

could not be used.  For.this measurement, a levast—squares fit
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was made to the spectrum of accidental coincidences vxfhich T
was measured separately. This method is acceptable, but
not preferred, because the spectrum of’aécidentél coinci-
dences is measured with a sepafate coincidence circuit. |

The peék channel of the gamma-—ray time-of-flight
spectrum serves as a refereﬁcé for determining the time-
of—ﬂight corresponding to each channel. The neutron eﬁergy
corresponding to each channei of the spectrum was deter-
mined from .the gamma-ray peak channel in the manner
déscribed in Section 2-7. After energy .calibrétiné the
spectrum, the data were regrouped into a histogram in
which the bin widths are equivalent to the energy resplu—
tion-of the spectrometer (fwhm) for the rﬁean énergy of-
-the bin. |

In order to subtract the carbon background, the-
spectrum measurements made with the NE-102 and NE-228
Dl scintillators were first normalized to the ion-chamber
monitor and corr'ected‘f_or differences in scintillator
vélume and neutron attenuz;tion. The twé spectra were.
then combined in the algebraic expressions given by | :

Egs. (10) through (13) to determine the carbon background.



The carbon background in the time-of-flight spectra was
extensive. The carbon background in the NE-102 measure-
ment at 50 degrees varied from 39 percent in the interval
from 20 to 25 MeV to 87 percent in the interval from 300

to 500 MeV. In the cor.responding NE-228 meaéurement,
the carbon backgrouhd varied from 25 percent in the interval
from 20 to 25 MeV to 78 percent in the interval from 300 to
500 MeV. In the spectrum shown in Fig. 8(a), the carboh
background varied from 29 percent in the inter;val ..from 15

to 19 MeV to 85 percent in the interval from 97 to 138 MeV.
In the corresponding time-of-flight spectrum m_gasured

with an NE-228 D1 scintillator, the carbon background varied
from 18 percent in the interval from 15 to 19 MeV to 74 per-
cent in the intsrval from 97 to 138 MeV. The carbon back-
ground in the spectra measured with tﬁe NE-228 Dl scintil-
lator Was-iess because of the higher; hydrogen to carbon
ratio. No significant carbon background was expected in
the low-energy sbectrél_ measurement at 130 degrees; hence,
the 1ow—.en'ergy spectrum was rﬁelas’ured only With'an NE-102
Dl scintillator. The reasons for this expectation are two-

fold: (1) the carbon background produced by neutrons below

.63
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15 MeV is negligible; and (2) since the relative number of
neutfons above 15 MeV is srﬁall, carbon background in the
region from 5 to 15 MeV produced 'by neutrons above 15 MeV = :
is expeéted also to be small. With regard to neutrons

below 15 MeV, the inelastic carioon reaction é(n,riScx) is'

the only eﬁergetically possible carbon reaction that produces
a .charged particle detectable in Dl and a secondary neutron
detectable in D2 3 however,' si'ncelthAe threshold for this
rea_tction' is 7.9 MeV and the cross-section. is negligible below
about 12 MeV, no significant background is expected. The |
importance of carbon backgréuﬁd in the 'region_from 5 to 15
MeV arising from higher ehergy neutrons depénds ﬁpon the
“relative number of high-energy neutrons and also on the
relative magnitude of the total inelastic carbon cross-section
for high-energy neutrons. ‘In the calculated spectrurﬁ 'above
5 MeV at 130 degrees, 50 percent of the neutrons are below
| 8 MeV, 67 percent below 10 MeV, 85 percent below 15 MeV,ﬁ
and 94 percent Below 30 MeV. S.iince the‘ cross-section for
inelastic carbon reactions ébove 15 MeV remains a small
fraction of the cross-section for elastic n-p séatteringlb_elow

15 MeV, no significant backgroﬁnd is expected in the 5 to 15 MeV
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’ region from the small portion of the spectrum above 15 MeV.
The differential neutron yielld Y (T,9 ) in units of
neutrons/proton-MeV-steradian for each energy interval 6T

of the spectrum is given by the expression

X128R(T,R,0)

Y(T,%) = ' (35)

anHQ2Ve2(T,O)0 (T,0) G(T,0)68T
here Xl is the distance between the centers of the target-and
D1 séintillator; SR(T,R,0) is the number of events obsérved
in the energy interval ST centered at the incident neutron

energy T; N

P is the total number of protons incident on the -

target during the measurement; nyy is the numerical density
of hydrogen in the Dli scintillator; 92 is the solid aﬁgle

E subfended by the D2 scintillator at the center of the Dl scintil- -
lator; V is the volume of the D1 scintillatér; o (T,0) is the |
laboratory differentia.’_l n-p scattering cross section for scat- .
tering a neutron with energy T through an anglé 0, G(T,0) |
is the total neutron atfépuation factor forv-’incident and scattered
neutron in the D1, Al, and A2 scintillatofs;eg(-T',e) is the
neutron detection efficieﬁcy of the D2 detector for scattered

. neutrons with energy T'; and 6T is the energy width of the- :
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interval.
The energy-dependent terms (32, o, and G) inA
Eq. (35) were evaluated in the following manner:
(1) The neutron detection efficiency eé(T,G)
of the D2 detector was computed with a pro-"
| gram written by Kurz (1964).
"+ (2) For neutron energies below 22.5 MeV, ‘values
of the n-p differential cross section g(T,G‘)'
were obtained from the barameterization by
Clements and Winsbérg (1960). A.b.ove' 22.5 MeV,
the n-p differential cross sections were obtained
from the parameterizations qf Rindi et al. -(1970).
The equations for fransform_ing the neutron scat-
tering angle's and the differential cross .sectioné
from thé center-of-mass to the lab.ora‘torj
- system were taken ['Eqs;" (30) and (34)j lfro'm
Phillips and Thorton (1967). -
(3) The toteﬁ_ attenuation factor G(T,0) was deter-
| mined by integrating the attenuation factors g
and g2 for the incident and scattered Qeufrons
over the volume of the DI detector as déscribe;i

in Section 2-5. -2,

-
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The spectrum meas'ured at 50 degrees is listed in
Table III. The spectra measured at 130 degreés for thé low-
and high-energy regions are listed in Tables IV and V, respec—-

. tively. These tables list the energy interval, the energy resolu-
'ti'on, and the abéolute differential neutron yield. The gncertainty
in the neutron yield listed in these tables represents the statistical
uncertainty in thé measurement.

Although the low-energy spectrum at ‘13()‘ dggrees was
measured-from‘ 1to15 MeV,. only the portion of the .spectrﬁm |
- above 5 MeV is reported.- The D2 discriminator bias level |
A was calibrated to be at 50 keV (equivalent-electron ‘energy)';
however, since the light output of electrons is nonlinear below
about 100 keV, there is a large uncertainty iﬁ this calibration.
-The D2 detector efficiency below 5 MeV‘is sensitive fco this -
'.uncertainty. Since the neutron spectrum in the region below
10 MeV has been measured by Veeser et 'cﬂ. , further effort ‘
to interprefc our results below ‘5 MeV does not seem'w;)rth— |
§Vhile at this time.‘

3~5. Discussion of Uncertainties

The uncertainty in the absolute value of the neutron .

. + o
yield is estimated to be - 15 percent at 130 degrees and T a0



68

TABLE III. The absolute differential neutron yield at 50
degrees from 740 MeV proton bombardment of a 30-cm thick
uranium-238 target and the energy resolution of the spectro-
meter computed for the mean energy of the interval.

Energy interval . Energy resolution -  Absolute differential
yield
o Y(10~° neutrons/proton-
8T (MeV) 4 AT/AT (%) sr-MeV)
19.9 - 24.6 . 10. 0 162t g
24.6 - 30.3 ~10.3 o 127 % 8
30.3 - 37.6 . - 10.6 131t 8
37.6 - 46.8 1.0 128 ¥ 8
46.8 - 60.1 | 11. 5 126 £ 8
60.1 - 77.9 12.1 o 100% 7
. . A o +
77.9 - 101. 9 |  13.0 | n<e
101. 9 - 140. 0 143 - 49te
140. 0 - 196.7 16.2 o 3615
196.7 - 302. 0 ©10.2 . 1673

302.0 - 501. 6 - 24.8 o 3 -2
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TABLE IV. The absolute differential neutron yield from 5 to
15 MeV at 130 degrees from 740 MeV proton bombardment of -
a 30~-cm thick uranium-238 target and the energy resolution
of the spectrometer computed for the mean energy of the
interval. ' o -

Energy interval Energy resolution Absolute differential
: yield
' . v(10~3 neutron/proton-
8T (MeV) AT/T (%) sr-MeV)
4.9 -6.0 . - 10. 5 - : 72t 4
6.0 - 7.8 . 10.9 3813
7.6 - 9.5 n.3 18t
9.5 - 12.1 1.9 ety
+

12.1 - 15.6 . 12.8 ' , 8=*2
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TABLE V., The absolute differential neutron yield abeve

15 MeV at 130 degrees from 740 MeV proton bombardment of
a 30-cm thick uranium-238 target and the energy resolution
of the spectrometer computed for the mean energy of the
interval. : :

Energy interval | Energy resolution Absolute differential
ield
. Y(107° neutron/proton-
ST (MeV) AT/T(%) . sr-MeV) ‘
15.0 - 19.0 1.6 200t9
19.0 - 24.2 11. 9 0 130%7
4 | o,
24.2 - 3l.2 12.2 : . 89 -7
3.2 - 40.6 . 12.7 . eats
40.6 - 53.3 13.3 ‘ .91 -6
53.3 - 70.8 14.1 A - 30ts
70.8 - 96.9 15. 2 , 9-5
A +

96.9 - 138.0 16.9 - 374
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- percent at 50 degrées. These estimates Were determined
from the considerations listed below. (1) Kurz.(1964) e‘sftimates
the uncertainty in the neutron detection efficiency 52(T A') 'éoA.
be t 10 percent. (2) The uncertainty in the ion-chamber moni;
tor calibration is * 7 percent. (3) The uncertainty in the
differential n-p. cross séction _jg('I‘,O) is estimated to be
s percent. (4) The attenuation factor G(T) is based on the total
n-p and n-C cross sections which are known:to abbu.t ts
percent; however, approximations in the computational techniqﬁe
increase this uncertaiﬁty to an estimated T 8 percent. 65) In
the méasurement at 50 degrees, tﬁe fact that fhe D1 scintillator
was not fully illumingted resulted in an estimated uncertainty
of 10 percent in the D1 scintiliator voiume. ’ The; illuminéted
volume waé computed from the geométry of the expver'-imental
arrangement. | | |
Veeser et al. (1972, 1973) calculated the contribution
to the neutron beam froim neutrons scattered in the collimator -
~ walls. The results of .this Monte Carlo calculation indicéte :
‘that for neutron energies.between 0.1 and 14 M‘eV there is a
contribution to the neutron beam of between 2.5 and 3 percent.

Sufficient cross sction data does not exist to pei'form this



72

calculation at higher energies. .Since fhis c‘orrecfion is small,‘
no correction was made fo the data.

A small percentage of the real eveﬁts were ''blocked'
by accidehtal coincidences. In the measufemenf at 50 aégrees,
about 1. 5 percent of the real ex}ents were lost oh thisbaccou‘nt.;
in the measuréments at 130 degrees about 0. 25 per?:élnt of the
events ﬁere lost. Since these losses were small, no cofrections
were made to the data. | |

There is background in the measured spectrum as a
result of neutrons scattering into the D2 detector f»rvorrvll égcond o.r'
higher-order interactions in the D1 detector. As described in
Section 2-4. 3, the plural scattering background is. expected té be
more significant in the lower energy por;cion of é measured
- spectrum. Also, the percentage of the background in the 1oW—'

energy region is expected to be larger in a spectrum in‘whiv'ch' |
-the number 6f neutrons increases with ené‘rgy‘ tﬁan in a s.pectrv:xm
in which the number of neutrons decreases with energy. An . .
experimental measurer’nént of the plural scattering backgxzound
was made bsr irieasﬁrir;g the high-energy spectrum at 130 degrees
With Dl scintillators of significantly different diameter. »'Althouglf.l

the uncertainty in this measurement was large, we were able
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to place an upper limit of about 12 perceﬁt on the plural -
scattering background in the low-energy region of the spectrum.
The actﬁal plural scattering backgrounds in fhe low-energy
regions of the spectra are estimated to be about 5 percent

from the following considerations: (1) In each measurerﬁent,

the diameter o‘f«the. Dl -scintillator was less than the mean-free-
path for the lowest neutron energy recorded, and (2) eéch spec-
trum decreased steeply with increasing n!eutron' ene_rgyl.' We
estimate that the plural séattering background 1s nggligible

for neutron energies abové 75 MeV in the measurement at 50
degrees; above 50 MeV in the high-energy meas‘grement at 130

| degrees; and above 7 MeV in the low-energy measurement ét.
130 degrees. The reason is that for neutrons above these
energies, the mean-free-path for nuclear interaétiohs is éeveral
times greater than the diamete_r of the Dl scintillater.

3-6. Comparison with Monte Carlo Calculations

The neutron spectrd measured at both 50 and 130 degrees.
are plotted in Fig. 12, AF.‘_or comparison, the calculated spectra
averaged over the intervals from 3375 to 60 degrees and from |
120 to 146.5 degrees are shown as histograms. These s;f)ectra

were calculated by Fullwood et al. (1972) for 800 MeV protons on
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FIG. 12 Experimental and calculated neutron yields at both.50° and
130° from 740 MeV proton bombardment of a 30-cm thick uranium--
238 target. The histogram shows the calculated results for 800 MeV
protons averaged over the angular intervals from 33.5 to 60° and

- from 120 to 146.5°. ‘ -
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a uranium target of the same dimensions'using the nucleon-meson
transport code NMTC written by Coleman (1970). This code com-
putes the transport of parﬁcles down to a cu’coff-energy of 25 MeV.
A second code, the Monte Carlo ngutron transport code MCN
written by Cashwell (1972) was used to transpprt neutrons belo;zv,

- 25 MeV out of fhe target. The shapé of the experfimental and
calculated spectra are in good agreement and _the forward peaking
of the cascade neutrons is clearly:evident.

Although the calculation of Fuilwood et al. (1972) Wasl
made for 800 MeV protons oﬁ the target éxis,- the proton beam
er;ergy in the experiment was actuélly 740 MeV and the beam
profile was elliptical. .In order to deterfnine the effect of these
differences on the calculatgd spectra above 25 MeV, Seeger (1972)
irer‘an the NMTC calculation ‘for 740 MeV protons with an ellipfi—
cal (2 cn;l by 8 cm) beam profile. The effect of these differences
was small. The differential yield of neutrons above 25 MQV
decreased by about 6 percent at 50 degrees andA by about 3 percent
at 130 d‘egréevs. A calcﬁlgted decrease of 8 percent in the number
of neutrons produced per incident proton at 740 M‘eV reﬂéqts
the 8 percént decrease in beam energy from 800 MeV to 740 MeV.‘

N

This decrease was most pronounced in the forward direction.
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Seeger did not calculate the low-energy spéctré { <25 MeV).

Below 20 MeV, the measurements are in agreerhent
With the Monte Carlo calculation; the data poiﬁt at 5.4 MeV is
in agreement with the calcuated spectrum ajc 5 MeV.  Above
25 MeV, the néutron yield at 50 degrees is 14 times that
calcuated for 740 MeV protons; at 130 degrées,» this factor
increases to 1. 6. At 50 degrees, the measured yieid of
neutrons above 25 MeV is 5 times greater than ’.chat-at 130
degrees. From the measurements at 50 and 130 degrees, it
is -estimated that the total integrated yie_ld ‘abpve. 25 MeV is
0. 95 neutrons per incident proton; the Monte Carlo calcu-
lation predicts 0. 67 neutrons above 25 MéV per iﬁéident
740 MeV proton.

A tendency ‘for the magnitude of the calculated
speActrum to fall belqw the measured spectrurr; és the éngle of
observation is increased has Been noted in previous experimen{:s
with heavy metal targets. As noted in Sectilon 3-1, the égree—
m.ent between the data of Fraser et al. (1966) and the calculated
spectrum is} good at 45 degrees, fair at 90 degrees, and poor X
at 135 degrees. We estimate from examination éf Fig. 6 in

reference 4 that the measured yield at 135 degrees is a factor
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of 3 greater than calculated.i Bertini (1969) hés compared the
pfoton spectra of Azhgirey et al. (1959) from 660 MeV protons
ona7.62g/ cm2 uranium target with the preidictions of the
intranuclear -cascade calculation. Comparisons were made. at
12, 18, and 30 degrees; égreement at all but the widest angle

is good. At 30 degrees, the magnitude of the measured spec-

" .trum is greater than the calcuated spectrum. Bertini (1972)

suggests that thé tendency for theAmagnitude of the measured
spectré to increase over the calculated spectra as the angle |
of observafion is increased may be a result of interactions
with clusters of nucleons (e.g., deuterons and alpha parti-
cles) in the nﬁcleus which are not included in the code. An
atfempt to include these interactions into the code was carriéd
out at Oak Ridge in connection with data at 60 MeV; in this

case the computations indicated a contribution in the backward ‘

~ direction.



4. SUMMARY AND CONCLUSIONS

The research program in en.ergetic—neutron spectro-
metry conducted under Contracts AT(30-1)-3914 and AT(11-1)-3258
with Clarkson College of Technology achieved success in develop-
ing a time-of—ﬂight spectrometer for neutrons from 1 to 500 MeV
and in measuring neutron spectra from a thick uranil.l'mA target
bombarded by 740 MeV protons from the 184- 1nch cyclotron of
the Lawrence Berkley Laboratory

The spectrometer developed represents a signi-
ficant a_dvance in neutrqn spectroscopy. Since the spectroj :
meter is self-contained‘, and requires a relatively short.
flight-path of frem 1 to 5 meters, it is readily adaptable to
‘experirhents at a variety of accelerators. The intrinsic tim.e
dispersion of the syétem Wifh a 2% in‘ch diameter by 23 incH
high first detector and a 9 inch diameter by 8 inch thick second '
detector is 2.2 nsec (fWhrﬁ) For a 4 meter flight-path, the |
energy resolution varies from about 7 to 20 percent and the spectro—
meter eff1c1ency varles from ‘about 2 x 10 -5 to 8 x 10 -1 over
the range of energies.frem 10 to 500 MeV. Measuremenfs
at 14 MeV confirm the resolution and efficiency of the spec_tre-

meter at low energies. Measurements at 220 MeV verify the

78



resolution of the spectrometer at this energy and demonstrate
the technique for subtracting the carbon background.

Neutron spectra from 740 MeV proton bombardment
of a 30—crﬁ thick uranium target were measured from 20 to 500

‘MeV at 50 degrees and from 5 to 140 MeV at 130 degrees with

respect to the proton beam at the 184-inch cyclotron of the
Lawrence Berkeley Laboratory. The results are compared
with the predictions of the nucleon-meson transport code
NMTC based on the intranuclear cascade model. - These
comparisons show that the intranuclear cascadeAmo'del ﬁhder-
estimates the neutron production for cascade neutrons at wide
angles; furthermore; these compariséns show thét this dis-
crépancy increases with increasing angle of emission. This
discrepéncy'may be due to intéractions with clusters of
nucleons (e. g., deuterons and alpha particles) in the nucleus
which are not taken into account in the intranuclear cascade
model. Specifically, the following conclusions can be made
from comparison of the ‘é_alculated and measured spectra:

1." The éhépes of .the measured and calculated

spectra are in general agreement.
2. Below 20 MeV, the results are in agreement

With the calculation.

79
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3..

For neutrons above 25 MeV, the measured yield
at 50 degrees is 5 times greater than-thaj: at 130
degrees.

A't 50 degrees, the yield of neutr"ons-(above 25 MeV
is 1.4 times that calculated; at 130 degreeé, this
factor increase to 1. 6.

From the measurements at 50 and 130 dégi'ees,

it is estimated thaf the total integréted, yield

above 25 MeV. is 0. 95 neutrons per incident .
proton; whereas, the calculation predicts 0 67

neutrons per incident proton.
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