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ABSTRACT i

General Considerations on the basic design elements of a periodically pulsed
fast neutron source as core-geometry, moderator-geometry and material compo-
sition as well as operational data, pulse frequency, pulse shape, and background
problems are forwarded and their benefits in detail discussed.

The design criteria for high resolution time of flight spectrometers for coherent
and incoherent elastic and inelastic scattering experiments are enumerated.
It is shown that also for time of flight spectroscopy the focusing condition can

be fulfilled in general and that constant % as well as constant hw-scans can
be obtained from a two-dimensional time of flight analysis.
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Lecture I

General aspects important for the comparison and choice of a continuous,
a periodically pulsed reactor and a periodically pulsed booster and General
Considerations concerning the basic design elements for a periodically pulsed

neutron source.
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High resolution time of flight spectrometry at a pulsed neutron source.
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I. Introduction

Neutrons have no charge and free neutrons have a finite life time
= (11.7 + 0. 3) min, thus even ultra-cold neutrons ( ¢ <5 m/sec) can only
be stored in neutron bottles for a limited timne. Therefore free neutrons
have to be produced continuously by nuclear reactions. A number of well-

known reactions are used such as

(OC, n’)’ (st*): (P':n'): (d: n),

the fission process, the spallation process and the fusion reaction. The pro-
duction of neutrons is accompanied by the release of more or less heat de-
pending on the nuclear reaction which is used and for a given production rate
a corresponding cooling power has to be provided. For some reactions the

heat release per neutron is given in Tab. 1.

Tab, 1
Reaction Heat in MeV/neutron
1. Bec)(d, nq)vBlo (d: 15 MeV) 1200
2. (y,n) [e~: 35 MeV) 2000
3., Fission-Process ) 100
4, Spallation Process 40
5. Fusion-Reaction /71 (d, n/Heély 17

From Tab. 1 one can see that in the first two reactions much more heat
has to be removed from the production area. For all physics experiments
not only the production rate is of importance, but also the neutron density

which is proportional to the cooling power density,

Because of the short range of 15 MeV deuterons and of 35 MeV electrons
(some mm) in the corresponding target material, the power density is espe-
cially high in the first two reactions of Tab., 1. These reactions have been
used primarily for pulsed neutron sources (accelerator) with very high neu-

Cqs . . -10
tron peak flux within short time intervals 10 < At < some [Lsec and low



mean neutron yield, All neutron scattering experiments in which the momen-
tum and energy transfer have to be determined, require not only a high neu-
tron peak flux, but also a high mean neutron yield. Therefore neither fhe
first two nor the last two reactions from Tab, 1 can be used for the construc-
tion of intense neutron sources. Steady state reactors, periodically pulsed
reactors and periodically pulsed boosters will be in the next future (proba-
bly 20 years) the best neutron source for large mean neutron yield and also
high neutron peak flux. The general aspects which favour a continuous high
flux beam reactor (H.F.B.R.), a periodically pulsed fast reactor (P. P.F.R.)
and a periodically pulsed fast booster (P.P.F.B.) are many and very differ-
ent ones and they do not depend so much on technical and scientific arguments
and the scientific program related with the neutron source but rather on poli-

tical intentions and constellations,

II, General Aspects Important for the Comparison of the Benefits of a

H.F.B.R., a P.P.F.R, and 2 P,P.F, B,

1.1, The Heavy Water High Flux Beam Reactor (H.F.B.R.)

et m o e e e e e e e e o ta e  m em e e e v b A e e s cm N tm M e e e e e Hm e e M e e

Without any doubt, the H, F, B. R, /1,2, 3/ with a thermal neutron flux
& = 1015 n/cmz. sec is the best neutron source for all experiments which
require a high reaction rate as e. g, the production of transuranium elements,
fission-product-beams, thermal neutron (n,y ) reactions and in general for
all experiments that do not require a definition of the neutron energy. The
H.F¥.B. R, has a compact undermoderated DZO-cooled core and the thermal
neutron peak reaches its peak value in the DZO-moderator 15 cm away from
the core, Fig. 1 shows a cross section of the Grenoble H. F, B. R. The reac-
tor is suitable for the installation of a hot and cold neutron moderator, but
the related technical and financial efforts are considerable. In Fig, 2, 3 and
4 the theoretical differential neutron flux values for the different neutron
sources of the H. F, B.R, Grenoble are reproduced together with the flux
values of the SORA-P.P.F.R, at an average power of 1 MWatt and an opera-

tion frequency of 50 cycles/sec.



The H. F, B, R. -Greneble produces at a power of 55 MWatt and at a maxi-
mum power density of 3.3 MWatt/liter a thermal neutron flux of & =1, 101 >
n./cmz. sec. With these values one reaches a barrier for the DZO-water tech-
nology as well as in fuel cost which will not be pushed further since also it
can be demonstrated that all experiments which require a determination of
the momentum- and energy-transfer, thus all experiments concerning the
static and dynamic stzucture of condensed matter, can be performed with a
P.P.F.R, and a P, P, F, B, From present day technolegy it can already be
expected that a P. P, F. R, with an average pewer of 30-50 MWatt can be de-
signed and comstructed afler sufficient operational experience has been col-

lected with a P, P. F,. R, of some MWatt.

I1. 2, The Periodically Pulsed Fast Reactor (P.P.F.R.)

- e s e e e e N e e e e S e m R e mm Sm e An M m e e e e e e W M e e o em = aw an e e e

The first not for destructive purpese developed pulsed fast reactors have
been built in Los Alamos [4, 5, 6, 7]. They have been used to determine the
different delayed neutron groups and their decay constants of the fission pro-
ducts of U'235 and Pu239. The so-called "burst reactors' have still a great
importance for the dosimetry in biolegical systems as well as for the study
of the transient phenoemena in Radiation-Damage-Processes in semi-conduc-
tors and electromic circuits that are used in the most different technical in-

stallations.

The first periodically pulsed fast reactor has been put in operation at the
Joint Institute for Nuclear Research at Dubna, U.S.S.R., in 1960. Fig.5
shows the principle compenents, Under the influence of this event the first

studies on a P.P,F.R, of high power have been initiated by V. Raievski at
the end of 1961 at Ispra in Italy. T'h-;ese studies have been terminated now
/[11-19/. In two years from now the start-up of a 4 MWatt P. P, F. R., the
so-called I, B, R, ~II, is expected and some times later a linear electron
accelerator of 200 kWatt power will be coupled to the I. B. R. -1I for the
P, P.F, B, -operation condition @‘0-21]. From Fig. 2,3 and 4 it can be
seen that a P, P, F, R, of the SORA-type (average power 1 MWatt and pulse
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frequency Vv = 50 cycles/sec) generates a cold neutron peak flux equivalent
to the H. F. B, R, -Grenoble, a thermal neutron peak flux 1.5 times higher, a
hot neutron flux 4 times higher at 200 meV and an epithermal flux 10 times

higher at E = 1 eV than the corresponding values of the H. F. B, R. Grenoble.

It is supposed that after a certain time (®1 year) the operation frequency
can be lowered to 5 cycles/sec in favour of a 10-times higher peak flux at

the same average power.

The P. P, F, R, with variable frequency has the potential to vary the fission
rate or the neutron peak flux by one order of magnitude at the same average
power level, Due to this characteristic property one cannot define a simple
criteria as e. g. the maximum thermal neutron peak flux since the intensity
of a scattering experiment is not determined alone by the maximum obtain-
able peak flux, but rather by the maximum obtainable time integrated (= sta-

tionary) flux.

If one is interested in a scientific valid comparison of a H, F. B. R. with
a P.P.F.R., of the SORA-type, one has to examine case by case and one may
not eliminate at will any given possibilities in order to arrive at an objective
judgement of the situation. In my second lecture on the application of periodi-
cally pulsed fast neutron sources this problem will be investigated in more

detail,

A P.P.F.R. of the SORA-type has a stationary fast neutron flux (identical
with the time averaged fast flux) that is comparable with the H. F. B. R, Gre-
noble, but has a v -heating value 30 times lower than the H, F. B,R., a very

important fact for all low temperature radiation damage studies.

For the investigations of time dependent radiation damage phenomena, the
application of noise analysis methods will improve the sensitivity by several
orders of magnitude compared to the conventional continuous methods of re-
sistance measurements. For similar motives the P. P, F, R, is a good instru-

ment for the production of fission fragment beams induced by fast neutron fis-
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sion alone. Fission fragment beams are used for the investigation of the
fast fission process, the correlated Bi emitters as well as delayed neutron
emitters. Furthermore a P, P. F. R, can be used for the determination of
group cross sections in the energy range of keV till some MeV; such data

have a certain importance for the optimalization of fast breeders.

A P.P,.F,R, of the SORA type is comparable or even better than a
H. F.B.R. for all neutron scattering experiments that require a determina-
tion of the momentum- and energy-transfer, hence for all studies concern-
ing the static and dynamic structure of condensed matter., For all experi- -
ments under extreme conditions (pulsed magnetic and electric fields, high
pressure and high and low temperature) the low frequency P, P.F.R.
(v < 5 cycles/sec) is a unigue instrument and largely superior to a H.F. B. R,

of the Grenoble type.

The installation of a cold neutron source in a P, P, F, R, of the SORA type
is a rather simple enterprise, since the fast neutron flux and the y -heating
are very low at the position of the liquid para-hydrogen. A cooling power of

about 20 Watt is required.

The construction of a P. P, F. R, of the SORA type is a necessary step to
relieve the H, F, B, R. Grenoble from experiments that can be done either as
well or even better with a P.P.F. R, and increase correspondingly the ac-
cess to intense neutron sources and to obtain the necessary information con-
cerning the behaviour of the different parts of the reactor under periodic
pulsed conditions in order to provide the basis for the design of a P.P.F, R,

of an average power of 50 MWatt or more,

II. 3, The Periodically Pulsed Fast Booster (P.P.F. B.)

H. Rief[ZZ] has performed extensive time dependent Monte Carlo calcu-
lations for the differential neutron flux values for the different SORA-Mode-
rator-configurations, as proposed by the author [2?1/ The time dependent

differential neutron flux leaking from the moderator into the beam tubes
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has been calculated for a §(t) pulse of fast neutrons (SORA-spectrum) im-
pinging on the moderator. This method allows not only to determine the
peak flux values, but also the pulse shape and the effective neutron burst
width which has been determined as the square root of the variance 02 of
the neutron pulse ¢(t). The pulse half width values for the SORA-reactor
have been obtained by folding the moderator §(t) -response pulse with the
SORA power pulse. The moderator §(t)-response pulses for the different
moderator configurations reflect already very well what kind of pulses one

can expect for the case of the P, P, I, B,
The most important results are summarized in Tab, 2,

Tab., 2

Characteristic SORA-Moderator Data for P, P.F, R, and P. P, F, B. -

operation condition Z_ZZJ

Table 2.a
HZO-Modcrator Reactor Booster Gain-
3
/20x30x5/ ecm A = 65 lLsec AG =17 psec Factors
T = 300°K
_En ~Interval d o. |§&, |M 10° ) o M 103"‘ M{( )
ergy 2 R %R [R [Vr 5 (98 [2p Mpl0 |35 M
3-10 0.021(89 {1.78} 0,225 0,05133 [1.65[ 1,51 |0.925(6.7
10-30 0,221} 89 119,6]| 2.47 0,50(33 {16.5( 15.1 |0.84 |6.1
30-110 0,58 |86 | 50 6,75 1.29 132 |41, 3] 40 0.825| 5,91
110-230 0.18 | 80 (14,4 2.25 0.96 9 |8,65f 107 0,60 |47.5
B . — i Jdoo b
3-230 1,00 2. 80
230-430 0.10(67 |6.7 1,5 0.8 8 6.41100 0.955| 66.5
430-1000 0.12 (65 |7.8 1,85 1,1 7 7.7 1157 0.98 85
Definitions:

é_.G = «".,B/@'R, Energy : E /_EvIer, Moderator-Pulse-Half Width: o[;],sec]
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Definitions (contd. ): |
M, = Mg/Mp Power-Pulse-Half Width: AG f1 sec/
Integrated Flux: ¢ ~ .o [ﬁ/c.mz_]

Peak Flux : @ /_-n /cmzs-ec]

Figure of merit: M{c) = ‘I)/o /i/cmzsec%]

Table 2. b

ZrHZ-Mode rator Reactor Booster Gain- ‘
3
/20x30x5/ cm A® = 65 psec A® =Tpsec Factors
T = 700°K
En Interval | @ ) M_.10°| o 3 107 & . [M_(9)
Lnergy-Interva R OR R I 1 B OB B IVIB G -
3-10
10-30 0. 06 89 |[5.35[0.675 0.15] 37 | 5.55/4.05 [1.03] 6.0
30-100 0. 43 82 [35,2(5.24 1.04) 33 | 34,5/31.5 |0.98] 6.0
1660-220 0.51 81 |41.3]6.30 1.251 30 137.5/41.7 [0.91] 6.6
3-220 1.00 2.44
220-470 0.25 80 20 |3.12 1.12 9110 124 0.5 | 40
470-1000 0.14 | 66 9,25/2.12 1.11 71 7.8{159 0.84| 75
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Table 2.c¢c
HZO-HZ—Mode- Reactor Booster Gain-
rator it) AD =65 psec A® = Tysec Factors
5 3 = M. 107 & M (9
Energy-Interval 2 |9 |®R MR. 10 I e A KN B ¢ o G(
1-3 0.10]105 |10.5({9.5 0.19(|80 |[15.2|2.38 1.45]0.25
3-10 0.32 (105 | 33.6{ 3.05 0.46|65 |30 7.1 0.90]2.3
10-30 0.34 105 | 35.7] 3.23 0.54|60 |32.4]| 9.0 0.91]2.8
30-110 0.15| 84 12,61 1,79 0.46{22 10,1 20.9 0.80)11,7
110-230 0.09 | 68 6.9 1.32 0.45]|12 5.4 37.5 | 0.78]28.5
1-230 1.00 2.10
230-430 0.09 | 66 5.95| 1.36 0.64{9.4/ 6.0| 68 1.01} 50
x - 3 o
)HZO—Moderator [20x30x5/ cm”, T =300 K
H. -Moderator /20x30x2] cm>, T = 20°K

2

In this context the optimalization studies by G, Riccobono, V. Ardente and
G. Rossi [Zg are of importance. As we show later, there are reasons to de-

fine two optimalization parameters for experiments with pulsed neutron sour-

ces: pulse pulse
(1) & = / & (E,t)dt = {/ ®l(t)d.t} . 0,(E)
pulse
@, (t)dt B @jnax (O(d)]
(2)  M(o) = 2 ~ (@

where ¢ (E,t) = (pl(t). @Z(E), '""d" the moderator thickness and Oz(d) the va-

riance of @l (t).

The following quantities
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will therefore characterize the benefits of the P, P.F.B. compared to the
P.P.F.R, From Table 2 and Fig, 6,7 and 8 one can conclude that for scat-
tering experiments with cold neutrons the P. P, ¥, B, has no advantages
compared to the P, P. F. R, For thermal neutrons a gain factor = 6 and for

the region of the hot neutrons a gain factor MG(O) = 50 can be obtained.

For cold and thermal neutron scattering experiments MG(o), character-
izing the intensity of a neutron scattering experiment, can still be increased
on the expense of momentum transfer (K)-resolution. For this purpose the
moderators are poisoned since the peak flux is much less influenced than o,
the moderator pulse half width, O can be varied almost by one order of mag-
nitude since the thermalization time of neutrons in HZO—water is about 5uscc
and therefore neutron pulses with a duration of some L sec can be produced
in the total spectral region below 1 eV, For thermal neutrons it is estimated
that the MG(O)—va.lue can be improved from 6 to about 20. All experiments
with a predetermined d? for which® 1is the optimalization parameter will
lose intensity correspondingly. Respecting the constant power condition

f

(I)B. AtB. vB = (I)R. AtR. vR
where B and R stand for Booster and Reactor, '"f'' for the fast neutrons leak-
ing from the core into the moderators and assuming equal pulse frequency

v B vR, one can increase the fast neutron peak flux by one order of magni-
tude by setting /i\th = At{R/IO. For all fast neutron transmission experiments

the gain factor M_, = 100 and expcriments concerning time depcendent pheno-

G
mena in radiation damage processes will improve or be possible at all, As
it can be seen from Tab. 2, the MG values for hot and thermal neutrons arc
considerably smaller even by poisoning the moderators. For any ncutron

—>

scattering experiment with a predetermined d?) or K-resolution, the encrgy-

transfer-resolution can be improved on the expense of intensity. For time
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of flight cxperiments the intensity will be at most proportional to / Mok (0]
~ 3 . .

and not proportional to /h ’11<o/hro] as for conventional triple axis spectro-

meter, In this respect one has to sce the benefits of a P, P, F. B. compared

toa P.P.F.R.

111, Reasons that Lecad to the Dcefinition of Two Moderator Optimalization

Paramcters: and M(g)

Fig, 9, 10 and 11 /22_7 show the stationary epithermal, thecrmal and cold
neutron flux at the surface and in the center of moderators of various thick-
ness ''d", The stationary neutron flux <I=:[ ¢ (E, t) dt reaches its maximum
in the center of the moderator, the refore} the moderators have to have a
thickness of about 10-12 ¢cm and reentrant holes should make partially the
" accessible to the experiments. This procedurc leads to a rather long re-

laxation time T for the different neutron sources that is given approxima-

tely by:

where ¢ stands for the average neutron velocity, D for the average neutron
diffusion constant, 3 for the average macroscopic absorption constant and
a
2
B for the buckling or the geometry of the modcrator, For the modecrators

in the SORA-Reactor one obtains 7 » At the ncutron pulse characteristic

R
is thcercefore entirely determined by the moderator property and gecometry.

For a maximum | value one obtains thercfore At, ~ 120 1scc. Because

M
of this rathcr long pulse duration, long flight paths have to be used for the

thecrmal and cold neutron experiments with an encrgy resolution between

A

E

t
LE _ M _
4 t -

|—4|Q

o
(6) I/o0¢ .5 = somc %

N |

I'or any ncutron scattering cxperiment the ncutron current density at the

position of the target is given by:
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pulse

(7) LE)E = Zl}{ / o (E,t)dfc} dE dn. v[;/cmz.sec-‘

pulse
1

—= ' dj (E).dE. d
= I [/ wl(t) ~tj.c1)2-). LAy

where ®(E,t) = @ 1(t). <I>2(E), dqa= FQ/IZ, FQ stands for the source area,

1 for the length of the flight path between source and target and v for the
pulse frequency. The intensity is therefore invers proportional to the square
of the length of the flight path. For experiment with high resolution, the in-
tensity would critically be influenced if neutron guide tubes would not exist.
The nickel plated neutron guide tube has according to I, Maicr-Leibnitz and

T. Springer /2 5] a critical angle for total reflection given by

0.0107 . -1
(8) Y= ( 5 in & )
%

it guarantees therefore a constant collimation for neutron beams leaving a
neutron guide tube independent on its length. Apart from a factor for the re-
flectivity, the intensity at the cnd of a ncutron guide tube is also independent
of its length. At a H. F.B. R, of the Grenoble type a bent neutron guide tube
conducts thermal and cold ncutrons to an arca of low background. At a
P.P.F.R, the bent ncutron guide tubc has the same task, but in addition its
length is adjusted to the desirced resolution, thercfore it acts as an effective
pulse shortener. The samec cffect is obtained for thermal, hot and epithermal

neutrons by an accclerator driving a P, P. F, R, in booster mode.

It can be shown that for all clastic diffraction experiments and for a num-
ber of inelastic scattering experiments using thermal and cold neutrons for
the impinging ncutron beam the ncutron guide tube delivers the desired beam

divergence,

F'or all experiments using neutron guide tubes d 7 is constant for a given
ncutron cnergy and the desired encrgy-resolution will be adjusted to a given

A tM by the appropriate length of the neutron guide tube, Conscquently all
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experiments using neutron guide tubes have maximum intensity if

_ Dbuilse
(9) d = }j 3 (F.t) dt,

the time integrated or stationary flux is maximized.
For experiments with geometrical collimation (without guide tube) it follows

from equation (6) that 1 ~ At., =g and from (7) that maximum intensity is

P se ma
7) ®l(t)dt <I>1 ’fo(d)]

o2 o(d)

M
obtained if

nQ

(10) M(o) =

2
is maximized where 0o 1is given by
pulse pulse
2

(11) o~ = / <I>1(t)t2dt/ / <I>1(t)dt

and "d" stands for the moderator thickness.

IV, General Considerations for the Basic Design Elements of a Periodically

Pulsed Fast Neutron Source

IV, 1. Operational Data and Core Geometry

For a periodically pulsed fast neutron source the average power is con-

stant if

f f f
(12) @ (At,v).At. v = constant
max

f. f f
Ata P,P,F,R, At is constant and (I)max(At ,¥) can only be varied with
the frequency. At a P, P, F, B, the three paramecters can be varied within

certain limits,

It is seclfevident that the source with the shortest pulse, the lowest fre-
quency and the highest peak flux is the best one. Material strength deter-
mines the limiting values, For any fast neutron generator not only a high
and constant power is desired, but also a high escape probability for the
fast neutrons leaking from the core to the moderators and control elements.

Such considerations lead to the '""cylindrical-hexagonal' core-geometry as it
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has been adopted for SORA and I. B. R. -1I, This geometry requires more
fuel than a more spherical shape, but it turns out that it is a natural and

suitable form for the moderators and bent neutron guide tubes.

IV.2. The Moderator Geometry and Moderator Composition

From Fig. 9, 10, and 11 follows that the moderators should have a
thickness of about 10-12 cm to obtain a maximized stationary flux, which
has to be extracted by reentrant channels. Most of the neutron guide tubes
will be bent and not straight having a cross section of [25 x 3/ cmz, very
suitable for the design of reentrant channels. Pulsed neutron sources have
a relative low mean power, therefore large beam tubes can be designed and
large source areas are useful. The projected SORA-moderators have dia-
meters of 28 cm and a height of 36 cm. Fig, 12 shows a cross section of
the SORA-core and moderators., Fig. 13, 14 and 15 give details and alter-

natives to the moderator-configuration of Fig, 12,

The thermal neutron source ought to be H2

ZrH2 has not to be used for safety reasons, The axial escape probability

O at room temperature if

should be reduced in any case by plates of ZrH_ about 1 mm thick, mounted

2
in the reentrant channel at a distance of 5 cm in height,

The cold source consists in any case of two moderator materials: HZO
serves as heat shield and slowing down medium, the Para,-H2 as cold neu-
tron source, For the cold source design as projected for SORA and sketched

in Fig, 13, the cooling power in the liquid H2 part would be about 20 Watt,

The hot source consists as well of two moderator materials: a metal
hydride at eclevated temperatures and BeO at 2000°C. It is not yet clear if
ZrH, at 850°C, TiH, at 600°C or YH, at 1200°C should be used. The mo-

derator material will be the best for which the highest population of the

first excited level of the Proton-Einstein-Oscillator and the highest proton

density will be obtained.
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The ultra cold neutron source is sketched in Fig, 16, It has to be loca-

ted as close as possible to the cold source, in the case of SORA in a slanted
beam tube. The pulse duration of ultra cold neutrons will be about 200 psec.
Hydrogen has a negative scattering length, consequently the index of refrac-

tion given by

2 7
=1. 2% N
(13) n 2 N 2 oh

is larger than unity and therefore the ultra cold neutrons are slowed down
by leaving the moderator. A rotating shutter installed in front of a neutron
guide tube allows the filling of neutron bottles with a neutron density propor-
tional to the peak flux of the ultra cold neutron source, The low ¥ - and

n, -heating allows a rather inexpensive design of this source.
Y g P g

IV,3, The Beam Tube Dimensions

As already mentioned, the bent neutron guide tubes require at least in
one dimension large beam channels. In general large neutron source areas
are desired and consequently large beam tubes have to be designed. In
Fig. 17 neutron scattering experiments with and without neutron guide tubes
are sketched in real and in inverse space according to H. Maier—LeiBnitz
[26/. For intensity reason all neutron scattering experiments should use a
470 -detection geometry which requires a symmetric momentum space ele-
ment in the direction of the impinging neutron beam. Even bent neutron
guide tubes with their rectangular cross section produce symmetric neutron
beams in momentum space, For experiments without neutron guide tubes it
follows from Fig. 17 that the beam channel should have a cylindrical shape.
For all reflections, except the backscattering reflections, a symmetric

momentum space element is requested. From that follows:

d
14 f\,t = 0 ="
(14) "M Ty

where '""d" stands for the beam tube diameter and v for the neutron velocity,

For a becam tube diameter of d = 24 cm and a neutron velocity of v = 3000 m/sec
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one obtains

0,24
(15) AtM = 0 %3000 - 80 L sec

a moderator pulse length obtainable from an optimized neutron source of a
P.P.F,R. For all neutrons with v <3000 m/sec the momentum space ele-
ments are flat, particularly well suited for back-scattering reflections,

which amount to about half of all possible reflections,

For the following reasons beam tubes with large diameters can be instal-

led in a P, P.F.R. of some MWatt mean power:

- No neutron flux depression is coupled with large beam tube diameters

- Due to the self-shielding effects of the fast core the ¥ -heating is rather
low and due to the low mean neutron flux (n, ¥) and (n, p) processes do not
endanger the beam tubes

- All horizontal beam channels are used for white neutron beam experiments;
therefore the large beam tubes can be shielded easily, The target stations
are all outside the reactor hall. The concrete shield extends up to the reac-
tor hall and outside the reactor hall the beam tubes and neutron guide tubes
areembedded in water basins, see Fig., 18,

- The horizontal beam tubes in the reactor block have increasing diameter
from the inner to the outer side to allow the installation of manifolded fun-
nel-like neutron guide tubes, which allow at a certain distance from the
core the connection of 5 separate neutron guide tubes, see Fig. 19. Due to
the low y-heating and fast neutron flux, the installation of such manifolded
funnel-like neutron guide tubes is possible at a close distance from the
source,

- All slanted beam tubes are used for monochromatic neutrons with collima-
tion in the reactor block already, they do not posc a shielding problem,

see Fig, 18,



All neutrons leaking from the moderators into the beam channels ought
to be used possibly for experiments, Therefore all horizontal beam tubes
are used for white neutron beam experiments. From Fig., 20 it follows that
for a given operation frequency and a given length 1 of the flight path an over-
lap of neutrons from successive neutron source pulses can only be avoided
if

v -V
max min Av
v

(16) 1=
v « V.,
max min

For y= 50 cycles/sec, v = 500 m/sec and 1 = 100 m one obtains for

A v/; = 0.1, Only a very small fraction of all neutrons can be accepted in
this high resolution experiment. So-called overlap-rotors must limit the
acceptable velocity band width as indicated in Fig., 20, For an operation fre-
quency of V= 5 cycles/sec the useful velocity band width can be increased by
a factor of 10 which corresponds to a true intensity gain since these neutrons
are not absorbed any more in the overlap-rotors. Hence the lowest possible
operation frequency is always the best, it is determined by the maximum ac-
ceptable temperature jump in the fuel element, the associated stress in the
canning material and in general on the thermo-mechanical properties of the
reactor core. The lowest possible operation frequency of a periodically pul-
sed neutron source can only be approached after a certain operation expe -

rience and an extended fuel test program.

IV, 5, Background Problems

In the case of SORA with y = 50 cycles/sec the ratio of maximum power

to power between pulses is

P
maXx

1 R

(1) 5 1200
min

and the corresponding value for thermal neutrons
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th

max
~ 700
(18) th

@

min
For a white neutron beam experiment without overlap-rotors, neglecting

effects of fast neutrons (bent neutron guide tube), the signal to background

ratio is
th
t -4
(19) signal 3 ®max Aty - 700 10 -3 5
background th. T 20. 10-3
min

Even with the reduction of v = l/T by a factor of 10, the result is not sa-
tisfactory., The use of overlap-rotors is unavoidable even for bent neutron
guide tubes, From Fig., 20 follows that the useful velocity band width is
coupled to the duration of the background pulse length, The first overlap-
rotor should be as close to the neutron source as possible,

One obtains:

th
o t -4
signal qmax o moderator 700 10
(20) = . . = 35
background th At 1 -3
& . overlap-rotor 2.10
min

As I will show in the second lecture, this background problem can be
solved with a statistical chopper in the '"quasi-monochromatic' beam at
the end of a neutron guide tube; on the expense of 50% of the intensity a
S/Bx 10+3 - 104 ought to be obtained, For a number of diffraction experi-

ments such S/B values are requested.

IV.6. The Pulse Shape Problem

Fig, 21 and 22 show the results of time dependent Monte Carlo calcula-
tions by H. Rief /22] for two HZO moderators with and without reentrant
hole, It is obvious that for the cold and hot neutrons one obtains rather sym-
metric pulse shapes, while for ncutrons in the encrgy range between 10 and
200 MeV the pulses show a slight asymmetry for the SORA pulsed reactor.

In Booster mode the asymmetry will be rather pronounced and as Prof, Dr,

L. Dobrzynski ZZ?] showed, severe draw-backs for a certain number of
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experiments are the consequence. If the SORA-moderators are slightly
poisoned, one can obtain rather symmetric pulses at all neutron energies.
For SORA in booster-mode the moderators will have to be poisoned very
strongly in order to obtain a symmetric resolution function. For all expe-

riments without neutron guide tubes, where M_(0) determines the intensi-

Gl
ty of an experiment, this is no draw-back at all, but for all experiments
with neutron guide tubes, where $ is the interesting parameter, the loss in

intensity is proportional to the reduction of the pulse width.

One can conclude again that for experiments in the range of neutron guide
tubes the benefits of the P. P, F, B, compared to the P. P, F. R, are marginal,
The benefits of the P.P. ¥'. B, appear for all inelastic and inelastic magnetic

scattering energies for neutrons above thermal energies.

V. The Design Elements of the SORA-Reactor for Physics Experiments

V.1l. The Characteristic Design Data of the SORA Reactor

SORA has a compact liquid mectal cooled score. The power is pulsed by
means of rapid reactivity changes, which are produced by a fast moving
reflector block. About half of the fast neutrons produced in the core leak
into the reflector, where the reactor controls and the experimental neutron
sources are located. The neutron sources are specially designed modera-
tors, which shift the neutron energies into the ranges required by the ex-
periments: 0 < En S 1 MeV. From these neutron sources the "tailored
neutron beams' are leaking into the cxperimental channels of the recactor,

The characteristic performance data of the SORA reactor are summarized

in Tab., 3.

Table 3 - Principal Rcactor Opcrating Characteristics

Avcrage Power : P =1 MWatt

Pcak Power : P = 225 MWatt
max

Pulsc Frequency ty=50 scc
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Table 3 (contd.)

-6
Power Pulse Half Width i AO = 65x10  sec
. -15 2
Thermal neutron peak flux ¢ =1,.5x%x10 n/cm sec
-6
Thermal neutron pulse width t At =120 x 10 ~ sec
Epithermal neutron peak flux in
epi 14 2
the energy group 0.43 -1 eV : O orax 1.6 x 100 n/cm” sec eV
Fast neutron peak flux at core
15 2
surface T =7.5x 10 " n/cm” sec
max
Time average fast neutron flux _ 13 5
at core surface Pg, =3x10 n/cm” sec

Fig., 23 shows a horizontal and Fig. 24 a vertical cross section of the
reactor, The beam channels labeled with "H'" and '"'S'" indicate the position
of "Horizontal and 40° upwards '""Slanted" beam tubes.

The reactor has:

- 2 epithermal neutron beam channels C 1 H and C 2 H with a total opening
collimation of 10° allowing the installation of a large number of simulta-
ncous cxperiments with a flight path length up to 900 meters,

- 7 beam tubes viewing the cold neutron source: C 3 H, C3S, C4H, C 485,
C5H, C6SL and C 7 H,

- 4 beam tubes viewing the thermal neutron source: C 8 H, C 85, C 9 H
and C 9 S,

-~ 7 beam tubes viecwing the hot neutron source: C 10 H, C 105, C 11 H,
cCl1l1S, Cl4H, C1l14 S, C 15 HL,

- 1 tangential beam tube crossing the cold neutron moderator: C 13 T,

- 1 slanted irradiation tube C 12 J viewing the core vesscl surface above
the hot ncutron modcrator,

- 1 special beam tube C 11 HS for divffraction experiments with samples un-
der extreme pulsed conditions,

- 10 neutron guide tubes at channel C 4 H and C 8 H, cach with a length be-
tween 50 and 200 meters. (As it can be scen from Fig, 25, any horizon -
tal beam tube - if required - can be cquipped with ncutron guide tubes with

a length between 100 and 300 mecters).
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The horizontal beam tubes C 3 H till C 15HL are viewing a source area
of 14 x 28 cm2 while C 1 H and C 2 H have a diameter of 35 cm close to the
epithermal neutron souce. The slanted ones have a tube diameter of 14 cm
close to the neutron sources except one, the C 6 SL, which has a diameter
of 25 cm to accomodate an ultra-cold neutron source., Fig, 25 shows the
availability of a suitable site for the SORA-Reactor in the J. R.C, at Ispra.
The site is flat, a suitable place to locate a pulsed reactor with its beam

tubes,

V.2, The Development Potential of the SORA-Reactor

For practical reasons an operation frequency of y = 50 cycles/sec and an
average power of 1 MWatt has been adopted for the SORA-startup phase., Af-
ter a certain operation experience and with a detailed knowledge on the fuel
behaviour under pulsed operation conditions, the operation frequency will
be lowered stepwise to V= 5 cycles/sec. At the same time the average
power could be raised to 3 MWatt. A reduction of the pulse frequency y in

favour of higher peak flux improves:

1. The signal to background ratio,

2. The reaction rate for experiments depending on ¢2,

3. The monoenergetic neutron beam experiments applying high pressure
or high magnetic and electrical fields on the sample for the investigation
of transient states,

4, The neutron economy at the quasi-white neutron beam experiments for
higher order diffraction and incoherent inelastic scattering experiments,

5. Transient phenomena and transport mechanism,

6. The accuracy of neutron decay measurements using neutron bottles.,

Provisions have been made to install at a later time a linear electron

accelerator of 200 kWatt beam power.
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Figure Captions
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Beam Tube Distribution of the H. F. B. R. Grenoble

The Theoretical Differential Flux Distribution in the Different Neu-
tron Sources of the H, F. B, R, Grenoble (Solid Lines) and of the
SORA-Hot-Source (Dashed line, ZrH2 at T = 7OOOK, Reentrant Hole,
P =1MW, v = 50 cycles/sec).

The Theoretical Differential Flux Distribution in the Different Neu-
tron Sources of the H, F, B. R, -Grenoble (Solid Lines)oand of the
SORA-Thermal Source (Dashed Line, H_ O at T = 300 K, Reentrant

Hole). .

The Theoretical Differential Flux Distribution in the Different Neu-
tron Sources of the H, F. B, R, -Grenoble (Solid Lines) and of the
SORA-Cold Source (Dashed Line, H,O at T = 300°K and Para-H
at T = 20°K, Reentrant Hole)

2
Schematic Drawing of the I. B, R. -I

Gain-Factor MG(E) for the Cold Neutron Source

Gain-Factor MG(E) for the Thermal

Gain-Factor MG(E) for the Hot Neutron Source

The Stationary Epithermal Neutron Flux in a HZO—Slab-Moderator

The Stationary Thermal Neutron Flux in the Energy Interval; 0,15-0
eV, at the Surface and in the Center of Water Slabs of Various Thick-
nesses at 300°kK
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