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ABSTRACT

Fror the avzilable nuclear data it avnears that a
tritium breeding coefficient greater than unity can be ob~
tained in a2 therasonuclear reactor using the D-T cycle and

vith a breeding zone consisting of a =ixture of lithiun

e

sotopes. However, the present inaccuracies.in the nuclear
data may considerably influencs tritium breeding and thes on-
tinmuw relationshio between breecder and construction materials.
£ fairly extensive program of neutron research in the neutron
energy renge 7-1L4 MeV is therefore necessary. The main
featurs of neutron measureaents within this range is that
there are no monoenergetic neutron sources available. The
authors consider the »ossibility of using normal sources:

the reactions D + D, D +_T, T + p. Measurement data are
wresented on the continuous neutron s3zectruz in the reaction
T + p, wnich linits the use of this reaction as a scurces of
onoenergetic neutrons. Heutron sources based on the use

r4
“He ions are considered, and currently

of alvha »articles end
aveilable sources of continuous-spectrunr neutrons are discussed.
It is shown that the otztinmumr source of a continuous spactrux

of neutrons in the required enersy range is deuteron disin-
tegration at Ed:¥ 28-10 eV, The zuthors consider which

nuclear constants can e used in continuous neutron sypectrun

~easurements.



1. Introduction.
Therazosonuclzer reactors of tne future require information
cn the nuclear constentis to solve two basic vroblens: deter-

aticn of the fuel characteristics in e vlasme end rational

-

us2 of tne nwenetrating radietion formed in fusion reactions.
Althocuzh the plasma nesremeters necessary for theraonuclear
reactions tc take place have still not been obtained and a
weans of obtaining energy fror a2 fusion reaction has not
been chosen, there has already bdeen wide discussion of dif-

1
ferent models of thermonuclear resctors.

An analysis of the conternvorary state of data on the
reactions occurring between lisght nuclei in a plasre shows®
that the characteristics are known fairly coapletely only

for the d + d, d + t, and d + 33e processes,

With rare exception, such as the 3He + d reaction,
all the fusion reactigns, at least in one of the branches,
lead to the formation of fast neutrons. At the present tine
it is considered that a plasma cycle based on the burn-up
of an equal-comronant mixture cf deuteriuz and tritium is

the wost easily attzinable. In thls primary reaction, neutrons

()
)
Q

ar rved with an energy of adtout 14 MeV. However, due to

can be wresznt in the vlaswe. In the plasza and in the
naterials surrounsing the wlasta the neutrcons lose their

energy as a result of elestic 2nd inelestic collisidus,
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significant fluxes of Y-radiation, breed a fuel com-
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used in fusion reacticns wnich is lacking in nature,

3
]
b}
[()
3
+

j\V
s
®

c

Lp]

e other isotoves, etc. It is necessary to Imnow the
characteristics of the indicated processes, such as the angular
distributicns of elasticzlly scattered neutrons, thg angular
end energy distributions of secondary neutrons for the vro-
cesses of inelastic scattering and the (n, 2n) reaction, the
cross sections for the f{ormnation of Y-rays and their energy

snectra, the cross sections of the breeding reactions and of

the comvcetir

[

2 processes, the cross sections of the formation

t
}.J

cf different isotoves, and others, for a wi’e range of elements
and isotonnes for the rational use of neutrons in thermonucleer

rezctors.

The requirements for nuclear data for an initial stage
of study of thermonuclear resactors have been discussed in de-
tail in Tefs. 2, 3, and 4. Although 2 certain nzrt of these
reauirenents is in courion wita the require-ients of fission

reactors, the significantly wider range cf neutron energies

U

used in thermonuclear reactors introduces imnortant new vroblemns

in measurins nuclear constants. Data on the interaction of
neutrons with cifferent nuclei are esnecially not sufficient

Tor the neutren
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nerzy region of 7
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measurerents with neutron teems in this reglon are very coun-

~licates. 1 characteristic of the mezsurernents is taat for



"1

[
09

¢

=

zlzost 21l vaues of neutron enerzgy here there are not, in
the usuzl sense, any 53eaus of onoenergetic neutrons, which
cre widely used for =measurements c¢f nuclear data, rrisarily
for the study of the anguler ani energy distrinbutions of

secondary neutron radiztion.

This wavper is devoted tc e discussion of the veculi-
erities of measuring nuclear ccnstants meinly in the neutron

enargy region of 7-14 eV

2. Sources of monoenesrzetic neutrons.*

For wmonoenergetic nsutron sources in different parts
of the energy range 7-14 eV ths rsactions T(p,n)jfe (Q = -0.754
MeV), D(d,n) He (Q = 3.27 “eV), =nd T(d,n)*He (3 = 17.59 HeV)
occurring between hycrogen isoloves are usually used. [Figures
1-3% show the differential cross sections of the forration of
neutrons using hydrosen isotnrzs at 0° in the laborateory systen
cf coordinates as 2 function of the energy of protons and
5

vetailed informetisn on these rezctions, includi

erons.

cr

agu. ng

tabular data on the energy of trhs enitted neutrons as 2 functio
of the energy cf the incident zarticles and the anzgle of esission
cf the neutron, is given in Refs. 6 and 7. The 3He and 4He

-

nuclei Jdo not have low-lying levsls of excitation; therefore,




the exitted neutrcns are strictly monoenergetic. However,
ceginning at certain energies of the charged particles,
reutrcns of lower enersgies avrear in thes beam of rionoenergztic
neutrons, as =z result of wvrocesses of break-up at first into
three (2nd then into more) particles by the reactions T(p,vn)D,
2(4,5n)D, and T{é,=n)T. The neutrons of the bdreak-uv are
vrinarily in the direction of moticn of the accelersted

~articles. n oclarning the exzeriments, as well a2s in the
treatuent of the datz obtained, informetion is needed on the
cross sections of the break-up processes and on the angular

distributions and ensrgy snectrz of the euitted neutrons.

2.1 Zeutrons fron reactions of protons with tritiun.
Tas differential cross sactions of the T(?,n)BHe reaction
are known at vresent in the proton energy regicon froxz the

tnreshoid velue (% = 1,019 eV) to an roximately 13.5 “eV

with on zccuracy of 2b%out 159, The effective cross ssction

O b} 2 b ~ e 8 9 c‘. . n O
at 07 hes been measured witn an srror of 57,727 £t a rroton
enerzy of 2.3% eV, the thresnold of the dreak-uv reactiocn

~7

for tritiun T(:,on)d (§ = -5.25 ¥eV) is reached, snd a zroup
of neutrons with a continuons enersy distrizution aunsers.

"ith a vroton energy adove 11.34 eV, neutrons from the re-
action T{p,p 2n)H can be vresent in the bsan. Until recently,
~ublished Zata on the value of the cross section of the process

of the dbra2ok-un of tritium intc hydrogen were lacizing.



Deferences 10 and 11 give only an estimate of the u»per limit

Ay

of the cross section at wroton snergies of 11=12 MeV,

T2 study tie characteristics of a2 neutron bean arising

1

n the

ide
i

~teraction of wnrotons with tritiun over the whole

2ertinant

I

interest for theruouuclear reactors,

L))

regicn o

{4

out at the cyclotron at tae I. V. Eurchatov

WOr.l ves carrlie

Institute of Atonmic Znergy in 1972. The differential cross
X . A0 . . . . -
sections 2t 0 were deternined for the reaction T(p,n)3ie

in the ranze of oroton energies of 6-15.3 “eV, and the
cross sections of the »rocess of tiae formation of Lrealz-uv
neutrons and the energy sr-ectra of thess neutrons were de-
terxined also et en angle of 0° for vroton energies of
11.2 “eV, 4.2 eV, and 15.3 =2V, The cross

section was mneasured by the time-of-flight
method; the threshold of recorcding of nrutrons was 1.5 ¥eV.
The absolute values of the cross saction of the T(p,n)BHe
reaction were determined by nor-e2lization over the data of

ref. 9, Figure 1 shows the results of mezesurenents for
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ocreat-ur rtrccess for tritium. The
cate of the Institute of .itomic Inergy (I43) with the ex-

~erinental errors (5% for T(p,n)sie) are showvn by circles,

thz date of Ilef. 10 Dy crosses, and the date o

™
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ef. 5 by

iy

tha lins. Ths unper livit of the cross section of tritiun

hrestteun at 2 proton energy of 11.2 feV iz estiza

ct

e)
o~

£
[

S



3.5 ab/sr; at preton energies of 14.2 eV and 15.3 eV the
cross sections are 10.1 X 1.6 =b/sr and 10.C I 1.4 mb/sr,
restectively. The energy swectra of the neutrons of the
break-un of tritiun into hydreogen at 0° (for neutrons with
an enarsgy abovg 2 eV) are shown in Fig. 4. The svwread of
the exrerizental valuec of the cross sections in all

regions of averaging C.5 eV in width, with the exception

of the high-energy doundary region, did not exceed 20%.
Cn the basis of the data obtained it is vossible to say

that for ~roton enerzies above avproximately 11 eV no

.

additional difficulties arose in the use ¢f a monoenergetic
2
bean of neutrons frow the T{:,n)” He reaction due to the

additicnzl nresence in tns beanm of neutrons of the breal-up

(oY

n

of tritiv:, the fraction which is avcut 20%.

e

A variant of this situation is the use of the saue

reaction, I(t, n\BHv, but with acceleration not ¢f the protons,

. e . 1
put of the tritium nuclei. Although the acceleration of

)

tritium nuclei is associated with xnown technological dif-

ficulties, the use of the indiceted resaction 25 a source

P

of neutrons has its advantages: the neutron yield at 0° in-

\D
3

creases significantly and the threshold of the “i(t,np)D re-
action is herz reeched at a triton enerzgy of Et?r = 2%.03%

i
eV; therefors the neutro from the H(t,n) le reaction

cre frezs fron the oresence of dreali-u- grouus up to a neutren



enersy of 17.5 eV, The threshold value cf the energy of

(@)

the tritiu: nuclei in the r(t,")BEe reaction is By, . = 3.0

“eV: peutrons at 0° hove en ensrgy of 0.575 XeV, Adove the
threshold the neutrons are contained in 2 cone with a vslue

of the half angle at the avex deterzined froa the relation
1 cers e .
sin © = (B, - thr)z:t t. Witn 1ncrea81ng'3t, © converges
“

to the livit, 900. Dus to the novenent of the center of

r'-
=
o

labcratory system of cocrdinates

5

wass, at each anzle in

(o]

neutrcns of two different energies are enitted., TFigur
shows the cross section of forwation of neutrons in the

direction C° and the energies of the corresvonding neuiron
grouns. The neutrons cf the low-ernerzy grou: have a very

low enersgy and intensity; therefore their rresence in . th

o

D

beam can be unimportant for a numder of experiwments. Th
s a0 s . A0 =«
yvield of high-energy neutrons at 07 is far greater than the

vield in the reactions T(r,n)”Ze and D(q,“)j . Thus, for

o)

exannle, for E = 15 eV the ensrgy cf the neutrons of the

nign=-2nergy srour is 10 eV ard the neutron yield is L50

b/sr, while the energy of neutrons of the Jow-enersy sroud
z

is about 0.03 ileV. The reactions T(p,n) He and D(d,n)BHe

for neutrons with an energy of 10 eV have yields of 28

<. sr and 23 0. 8r, respectively.



Z.2 .ieutrons frowu thzs interaction of deuterons.

Taz2 reection D{4,n
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Jeteil un to deuteron snerzies of 12 MeV. The differentizl

cross sections have teer zeasured with an zccuracy of about
i2

[y}

2.5% “n the region of deuteron energies of 2-5 eV ' © and with
an error of L=5% for hicher snergies. 3,14 With a deutercn
energy of L.L5 eV, the threshold of the reaction of brealz-up
a deuteron, D(&,20)D (7 = =2.23 ¥eV), is reached and a
sroun of neoutrons with a continuous enersy distribution ar-
vears in the bean. Thes ensrgy devendence of the cross section
the reaction D(d,nv)> at 0° is shown in Fiz. 2. The yizla

of breei-u> neutrons incresases ravnidly wit?

[N

ncrease in the
deuteron enersy, and 2t an enerszy of about 9.5 eV becomes
greater than the yield of the wsnoensrzetic groun. The

2aersy srtecira and thz angular distributions of aneutrons

- . L. . T PR S e~ I = -~ )
frou the reaction D(2,73)2 have bdeen studied by the

7=
L »_ D ~la b e 3 - o P & 3 -~ ~ N A .
cime=of=-Tlisnt mathot for deuteron energiss of 7.5-11 eV, '~
e ~ ~ - L 1 -
Tizgure o shows tie neutron spectra for thes breal-un of

“eutercns at O7 in the laboratory systen of cocriinates.

The error “n the detar:ineticn of the cress section is about

2%, With increass in the angle of enission, the neuiron
z2cira h2cnue softer. Ticure 7 shows th2 change in the



s actral cozosition of nsutrons as a function of the angle
e iszion in the laboratory syst
ar b d

czuteren energy of avbout 10 MeV., The swectra have a smooth

5211 shene, analogous to that ssen in Fig, &, even at higher

Atteuvnts to serarate ths Yzam of neutrons from the
J{(d,n) Fe reaction from ths drea:-up neutrons have been

-

nede. In Zef. 13 thes =wossibility of recording the coin-

cilences of muls2s frow neutrons with the nulses froxn the
.. \

Y2 nuclei assoc’atel with the neutrons was investigatad,

Yith deuteron energies zreater thazn 3.2 eV tne “He nuclef
are =2mitted iz the oratory systen ol ccordinates only in
the Torward direction, whi th2 direction of eunission is

litited to a cone with a valus of the half angle at the avex
deterained by the relation sin™ 8 = 1/3(1 + SL,M. , wWhere

5. i3 the enersy of the deutzrons in eV, At each angle

two grouws of 72 sarticles will be coserved, haviag different

gnergies. Tne “He nuclei havi=n3 the slower eanergies corresycnd

to neutroas with 2 higher ensrcy also a2xitted in the forward

directicn. In ahsolute vaiues, the enersgies of the~3he
nucleil are avproxiastely 1-2 12V, Decording of the 3He

~uelal must hs conducted under conditions of an enorsious

haclizroursd from scattered deutersns, Using a schene for
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coincidences with 2 resclving time of 3.5 nsec and a target
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olyethylenz about 25 nicrons thicl:, Schuster

succeedel in obteining nerrow beawns of mon

[}

¥c)
e

ergetic nzutrons

with an ensrcy of 2-12 eV and an intensity of 2.2 -103 nlpu-msr.

esults have heen oo~

3
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Miygy o e .- . 2 en 3
Thus, 2t the —resent tize rezssuring

tained in the investigation of »ossibilities of serarating
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ean, wnich corresvonds
to the rsecticn D(d,n)JHe: however, following this method
Lere is5 still much tc ve done in order to put the nethod

nf{ associated varticles into —ractice.

2.3, The T(<,n #He reaction,

The %asic thermonuclear resactisn T(4,n) He is also
wicdely used as a source of monoenergetic neutrons with an
energy of avcut 1L eV end avbove. The resonence in the curve

of the cross secticn (EL, = 5 barns) at a deuteron energy

\n

of gbout 110 :2V determines the imnortance sf this resaction

ctr

e new

ron 520

3
1
2

9]

Q
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o

v
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=

4

[

o

weration with low-voltage
accelerators., It is relatively sizyle to carry out the re-
cording of the of{-rarticles, with an energy -f adbout 3.5 eV,

essociated with the neutrons., Thals wmethod is widoly usetd

Fad PR Lo o £L - - b Yo - 2 -~ . A b
of the nzutron flurr, Tigure 3 shows the de-endence af the
c o .
P ~ F - S T
cross szcticn at 07 of the rscctions T(d,n) He eni T(d4,n9)T.
A 3 - 4 ~ o - Ead 3 - <4
Iowavar, the —rocess of hHreei-uz of the deutzren on the
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tritiun nucleus becoues noticea®le for those neutron energies
(7. = 22 7e¥) which are outs’dz the linits of the basic in-

. L L1, - . . - . ~ Tam & b
terests of this paner, Le2t us note thaet to ohb

nossioble to use neutrons euitiel in the bdachwward direction
fro= the reaction T(d,n “He at Zeuteron ensrgies 5f saveral
eV, llowever, the use of neutron beans going in the hackwerd
direction s very inconvenient in application and, in addition,
the cross section of the reaction in this rezion of deuteron
energies is small, Use of the ?(d,n)uﬁe reaction dces not
encounter sntecial difficulties for the mair mass of neasure-~
rents of nucleear constents for thernonucleesr reactors at
soints with an energy orf about 14 MeV, IHowever, for eranrle,
(n,2n) reactions
ooth nsutrons are
Jateruined emwerimentelly, the reutron yield frow thz usuval
soparetus is insufficient and sven in the case of large cross
szctions of the (n,2n) reaction ths tiue of exposure at one

. days. In this restyect

the investigations of Ref. 18, conducted with the goal of
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the wost studied anc wicely used neutron sources for vroton

energies cf 1.9=2.4 e, A fezxture of the reaction is the

1 73

“resence of a low-lying excitation level in the ‘2e nucleus
% = 0,43 eV); therefore for -roton energies above 2.4 eV
an additicnal line, corressonding to this excited state of

the 7Be nucleus, arrcears in ths neutron bzan, Ilezsurements

Q . R . . .
;7119 that for —roton enerziss below 5 eV the intensity

5f the nautrons of the szcond Trour is not greatsr than 1550
v of the zain zZroun. With increase in the
section of the reacticon with the

A

Torwatioan of the zrcoun” state of the ‘52 nucleus ranidly

3
R
O
o
(o]
]
(o]
(O]
>
[}
<
o
j=yg
(0]
(@]
a
(@]
0
[4)]
(‘

cecra2ases, cnd therefors thne intensity of the neutron srouns
~
bacomes couvaradle, In adiition, at proton energie
PR

eV the seconi suciier state of “3e (5 = -5.29 V)

2lso maltes a definite contridbution. TFor sxanule, for a

Srotcn enerzy of 14 eV, the neutron yisld of this zZrour at
~0 = N . ~
C” “n the center-of-:23s syste:n is snaller by a factor of

cnly av-rovizetely 2.5 than thz total neutron yield from

- 1 o
tho grouns ana £

“iits the a Nlicebdility of this reaction to thz regi
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A calculation analogous to the czlculation of the
o 1o z.. . .
charactaricziics of the H(t,n) Iz reaction was carried out

. _ - n Vg7 .
by the authors ef this va er Ior the H('Li,n )7 e reaction,

The rezgion of nsutron onergies from 7 ¥eV to 14 eV reguires

are incliuded in a cone with a a2lf angle at the enex dstermine
. z o e

sy the relation sia”™ &8 = 1 - 1395/Lri, where Z.. is the

v - -

. . 1. . \ S
cross sections of thz reaction:s £(7L1,n)739 and (‘7 _,n)73°*

ta the 7Je nucleus iz ths grount and first excited states
C". The neutron encrzies

Tor the inoicated srouns differ ancrouxinately by 1

cf the invicated zreours ars in e retio ofa»roxzinately 5:1.

than 10 2¥., (A concentration »f the neutron flux within

RN N - <. - o £ 2 " -
Livits 2 a relotively norrcw cone of anzgles and a weal:

Zomenazuce 2f the neutron encry 2on the enerzgy of tae lithius

= -~ -~ O S - ant - i a1 L2 - * - - N

Lons sroLoting worn wiin relctively thicl: targels, can ensure
- P i T s ~ o K-l B IR I - » 2 41 s -
razliively oweriul flures of fast nsutreons with an intensity
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of adbout L ;109 n/sr with a current of single-charged lithiux
‘fons of 1 ﬂﬁ. The second excited stete of ‘3e is reache:l

here for a lithiuz ion energy of about 50 lieV, which lies
nuiside thz limits of the range considered. In the neutron
bea: thers will alsc ©e reutrons enitted in the center-of-wmass

1 3,

the bachwerid dirasction., The enerzy cf these neutrons,

systex

+
-

as is seen fron Fig. 8, does not exceel several hundred keV,

~

cross sections of foruation are small. TFor an

0
A,
o

ho
ne

I
3

energy of lithium ions greater than 25.8 sV the 1H(7Li,n,04)3He

reaction i

9]

energetically rpossible: the neutrons from this

<

reaction will heve a continucus energy s»ectruz

2.>. neactions with heliun ions,
> 5 ' 8
The rcections 1bC(jHe,t 149, ]6C(/He,n)]“ﬁe,

of wmeonoenersetic nsutrons at 07 at enszrgies of the heliun
ions egual to the threshnld of the reesction at the first eu-
K £ 1 2 T = Tangs 12, 3‘.* " 14/‘ I M al
cited state of the final nucleus C(7He,n) 70 -= S.4 eV,
15..,3.- 18.. - 12 1“

C(7He,n) Tle == 2.4 8V, ”(4 ,n) “C = 7.5 eV,



Sources of continuocus~sitectrum neutrons,

=2
P

0]

2e22:s of fast neutrons ¢ a continuous suzectirum in

G

-

oy acceleration of deuterons

o

the uajority of cases are creatsd
beuabarding thick targets of differesnt elements. Eecently
linear elzctren acceleraters — with targets of speciel con-
structions of a collection of Zeterminsd elements have begun
to be used for these goals. However, the yield of neutrons

vwith energises in the range of 7-14 !'eV from —hotoneutron

caused neianly by two nrocesses: evapcration frou 2 stronzgly
excitad nucleus ana oregiz-u of 2 deuleron in the field
of thz nucleer 2nd coulosbic forces of the nucleus of the

tzrget. The neutren ensrIy S:2cirum in the first case is

are cnaracterized by a wids dYelli-shaved energy s:ectrun with

waxiuut intensity et neutron esnergies aurroxzinetely sgual

to helf the ZJeuteron energy. The dreali-un neutrons are

directe’ zrincirtelly alons tha motion of the <eutsron., T

enersy 2nd anzuler distributions of these neutrons are satis-

fretorily Zescribed by the ernrassions:
)

a\ e ' z
'L‘.(f‘.‘)-_;.,:_- - {] g e

e
fraYso 1 s - <A L - -
TAFILE = oA v LI, 4= “ere 1 and I, are
&
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e

the energics of the neutrorn and deuteron, rescectively; B

the binding enersy of taz Jdeuteron (2.23 ¥eV); and € is the

close in shane and change siocthly with change in the deuteron

anergy. 4L general fesature of the spectra is also a decrease

cr
oy
4]
3
@

2utrcn enersy with increase in the charge of the
nucleus-target.24 The total neutron yizld frox thiclh targets
incr2ases rapidly with increase in the deuteron energy and
decreases with increase in the charge of the nucleus-~target.
Thick tarsgets of deuteriuu, tritium, and baryllium give the
greatest yield, PFigure 9 shows the effective cross sections

2-, 3- v oq s ¢ s
e d-°%, 4-73, and 4-3e nrocesses, for earxission of neutrons

)
ot
£3

corrssonding cross sections on heavy hyzirozgen isotores,

lated neutron yi2lds fro= thici: gassuns deuteriun
eni tritium targets for dzuteron energies of 10-1£ eV are
larger tnan the yields from bérylli'ﬂ.' The fast neutron

saectira in 2-"kE vrocesses have a prounerty very attractive

utron swactra fron & thick: sasesous deuteriunm targe
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Such a shene of the s»ectrun lcads to a decrease in the
bacliground for measure:ents in a linited ensrgy range, due

to the absence oI undesired neutrons with high energies, and

Tac’litates the con 1 liretion

struction of shielding and col

v lay

range of a deuteron in deuteriuz (200 ;J/C" at Ed = 12 ¥V,

wn’ech corras-onds to a ranga ol zvdsut 11 = under noraal coun-

ditions), the prectical use cf thick gaseous or liquid tar-
gets is assccieated with great tochnological difiiculties.

-

The use of a thicit bery’liun tarzget has great pos-
sibilities. PFigure 11 shows thz change in the neutron flux
a2t 0° in the deuteron enargy rans roa 3 to 30 MeV from thae

Values of the neutron

vigld froz a2 bherylliun target ot a douteron energy of about
- . 11 ;

2 eV is sreater then 10 z1?3-sr. L detailed conrarison

¢? high-censrgy neuntrons from thiclhk verylliun targets for

dsuteron energies of 15, 20, 2L, 40, and 53.8 eV shows

thet the energy s—ectra heve a2 gsouetric sivilarity and

can be cheracterizad by the lccation of the maxiwmum of the
de Ya

5 Ty et ~ ~ T e PO [ -~ - - ~
“n the eo3's of such & sixilarilily the anthors orevose =z

1

rociicel uethod of constructing the ensrgy distributions



of neutrons for deutercn energies of 15-50 eV, Figure 12

~

showrs thz thus calculated svectrun for a deuteron ensrzgy of

N
D
[ ]
=~
©
.w
e
o
'3
o
o
=
3
o)
]
o

nersy distributicn, in the first
zrroroxinaticn, reneins unchanged for all anzgles of eunission,
ffowever, for large anzles the s=mectra are sonewhat denrleted

in high-en2rgy neutrons.

Tmrortant nossibpilities for measuring nuclear constants
in continuous swpectra have been denonstraited in the use of
isochroncus cyclotrons, in which together with a short
auration of the current pulse on the target, a relatively
hish averzge current has been successfully neintained. The
neutron source is a target insids the cyclotron chamber, on
which after 1-2 nsec the Zeuterons, accslerated over several

tens of orbits, are incide

'S

nt by deflection. Figure 13 shows

<

the neutron srectru: obtained in a thick uraniun target
radiated by deuteriun ions with ensrgiesz in the range of

e ay . o !
L2~50 7e¥., The nsutron flux at O was S .10 nﬁﬁc-sr

it should YHes noted that to ohtain intense neutron
ne energy region of 7-15 ¥eV, the deuteron ensrzgy

cemiot  aiczed 30-35 eV, At the I, V. llurchatcov Institute

o~

< s 2% .
nerzy o sinilar systen was develored,™ waich

caxn h2 used for a two-) isochronous cycletren with 2 maxinunm



pulse durstion of 1.5 nsec the neutron flu: frowm a bderyllium

. ~12
tzrzet at 0° will be shout 2 .13 n’/sreszc,

Tn= advantages of usinz continuous s:ectra -- a "white"
ere sesn rnore clearly in a systenatic study of the
anargy dswvendences of the cross sections over a wide range of
nautron energies. The use of -onoenergetic neutron sources
in such measuresents requires very large extenditures of tixe.

Tre 2nargy resolution attained in a "white' beamn fron an

O]

iscchrconcus cyclotron over 2 wide range of neutron energies
(0.5-30 eV) is recori-breelting and is £1.7 keV for 0,8 eV
and =110 eV for 13 :1eV.”Y This paerazits a number of cross

—

sections to bz determined in on2 exuverinent during = relatively

31
snort tie, sucn es the total cross sectlon,) thz cross section
o . s Y 30 .. 32 _ 4
cf formaticn oI I-rays, the fission cross secticns, ani
othars., The cross sections of forrtation of {—r ¥s oy in-

-
—
o < 3= e e - r Y r 3/

rezicn of neutron energies u: to anr~ronimately LD eV.

ors are £lso used for -ieasurew=nts

2f tin2 total cross sa2ctions, ‘n 2 wore liwited range, for
- —_ b - M -
stercle, “n In2fs, 5 ani 7. Thz enersy resolution hore



intensity in comnara®le enerzy regions is, according to the

estinate o5f tne authors of Ref. 37, anprecxirately C.1 the

intensity of a "white" “eau froa an isochronous cyclotron.

A "waite'" neutlren beam in conjunction with time-of-flight
o3y Ls used in uany laboratories of the world to study
the total cross secticns for fest neutrong. However, &as |
~was ~ointe? sut in Ref, 33, with the characteristic statistical
errors of the results of z:proximately 17, the divergence

cf the dete of different authors is avout 1055, The systenatic

[@H

arrors, a-~creatly, are related to difficulties in accurate
determination of the backsround and to inaccuracies caused
oy the hign cocunting rates. ITn a comvarison of tne ressults

obtained usiazg nonoener3zstic sources and in “white' beans,

Invaestigation of thz secondary neutron s-ectru: arisinag
from ths crocesses of elastic and inelastic scattering of

acutrons and reactions of the tywe (n,2n) and such are bheing

)
V)
[
L]
O
V]
9]
.

v
()]
l-
._l-
b
'..J
ct

te inforcation on the =rocess of ineslastic

neutren scattering can also b2 ontained using a Mwhite! bean,

ever, the “aforzation is incouslste, since the p-radiation



aglitlon, inelastic scattering of neutrons is not always

LIS

P

accoananied by Y-radiation; lithium ‘sotoves are an examrtle

L)

The use of a Y“wnite' be

it

crcss sections of elastic and inelastic scattering of neutrons
n the enerzy range of C.2-156 12V is discussed in Ref. 39.

Use of time-of-flight technolozy in conjunction with an
arnplitude analysis of raiiaticn from scattered neutrons
rer:itted the authors to measure tne transverse cross secticns

and argular distridbuticns of nsutro scattered from the

ns
s
55 .

Fe in the energy range

of 2.70-5.42 eV with an energr resoluticn of about 5. A

L. Conclusion.

9]

evelovvent of ther:onuclear stuiies creates a

p,

The
need to carry out a sufficiently large »regram of neutron
studies cver a wizZer enerigy ran

fizssion reactors. A charactzristic feature of the neasurs-

mecnoenergetic neutrons,

or neasurevents of differential
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e2s ecielly in the acceleration of tritons. ilowever, ac-
atison of triiiygs: aucledl 2lze s f thhis so0 n
ation of triitiul auclei talzes use of tihis source
difficult., 1In certein cases, ctiher nautron sources can be

used, the choice of which detuendds cn the trcbles wosed.

An izzortant tort of measureunents of nuclear data
of interccst for fusicn reactors is presently conducted with
continuous s-2ctrum neutron sources. The ortimal source
in the energy region considered is the trocess of breali-up

of a deuteron at zsnergies u» to 30-35 lieV,

Systezatic reozsurz.ents with a "white' bean in

conjunction with ~zasursuents at ssnarate points with mono-
rgetic neutrons mzlkes it nossible to obtain nuclear cata
in the nesdel energy reoange. The exlisting difficulties in
the measure.ents require a carzsful chonice of the nuclear
constants to be deteruined, a chysics bhasis for the errors
of the wnerzieters studied, pertissible enerzy resolutions,
etc., analogous to the nuclear deta recuirements for fast

reactors.
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‘eV) fro: the reaction T(p,n)BHe
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Fic, 1. Cross sections of fcrration of neutrons at 0°

the interaction of »rotons with tritium,

o3

i

So0lid line =- cross secticn of the T(p,n)BHe reaction
from RBef. 5 (Ho:kins)

° -- cross secticn of the T(p,n)BHe reaction
(1A% data)
X -— uvper 1limit of the cross section

brezali-uc of tritium from Ref., 10
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E_(MeV) from the reaction D(d,n)BHe
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ig. 2. Cross sections of foruation of neutrons at O°

“n the interaction of desuterons with deuterium.5

= (%eV) from the reaction T(d,n)hﬂe
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5. 5. Crcss sectionz of forzation of neuvtronz at 0~
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in the intesrzctiocn of deuterons with tritiun.,
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= 15.3 eV
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ig. 4. Inergy spscira of nevtrons from the brealz-ur of tritium

in the interaction of tritium with protons with energies of 11.2,
Th.2, and 15.32 eV, 4arrows (1, ana (2) denote tha calculated
2. .. cf neutrcas frew the vre2esz-ur of tritiun and 3,1 of neutrons

2 T(~,n}”He resaction, rssvectively. Th
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7iz. 5. Znergy of grouns of neutroans from the reaction
H(t,n)EHe at O° (dott=d line). Cross section of formation
of the high-energy groutc of neutrons from the rsaction

H(t,n)BEe at 0% (solif line).
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Tig. 6. eutrcn spectra at 0° from the reaction D(d,np)D 15
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iz. 7. Deutren swectra at various angles from the resaction
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<70 9.%L eV, Tor 97300,
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S0lid line -- Ref. 13
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and D targets at 0°
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ig. 13. Heutron spectrun Irox a thiciz uraniun target
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doubarded with dsuterons witz an enersy of 4LC-50 ¥eV,



