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Abstract

An experiment is proposed to study nuclear binary fission
induced by 600 MeV protons in the targets: U, Pb, Pr, Ag,
Sr and Cu. Different parameters describing the fission
process will be investigated with semiconductor detectors
in combination with time-of-flight techniques., & similar
experimental program will be performed with bremssitrah-
lung at the 1.2 GeV electron syncrotron at the University
of Iund, The equipment, such as scettering chamber and
electronic components, will thus be thorougly tested be~
fore the proposed experiment at the syﬁchrocyclotron at
CERN.

In section 1, the physical problems will be stated and
discussed. The experimental arrangements will be desclé—
bed in section 2, and estimates of beam-time will be gi-
ven in section 3 in addition to a preliminary run sche-
dule.

— o e

Experimental area: Particle Physics Area in UR?

Intensity: 5.1011 protons-sec—

Duty factor: as close to 1 as possible

Beam-time: 182.(duty factor)*1 hours

Duggested date: in the period 15/6 - 15/8 1975

squipment not available: small conputer (type PDP 9) with
& magnetic tape unit



1. Physical background

The flsslon phenomena has been extensively studied since
it’e discovery in 19%9. As a result of the developments

in the fields of accelerators, detectors, electronig oom=
ponents and computers it has been possible to study this
process with a large veriation in the experimental para-
meters such as target element, projectile and bombarding
energy. Due to the complexity of the proocess different
experimentai methods must be used to obtain a complete
desoription of the fission phenomena even for a apeoific
combination of experimental parameters,

One of the most extensively used projectiles is the pro-
ton, and at present much experimental informetion has

been eollected conoerning fission from proton energies
around threshold to multi-GeV protons. Proton induced
fission at intermediate energies has mainly been studied
at four proton energles and for a few target elements on-
ly. Limitations also exists in the experimental informa-
tion obtained depending upon method used. Some relevant
information for the energy region considered has been
collected in table 1:1,

In fige. 1:1, a possible scheme describing the binary fisw-
gion process, induced by intermediate energy protons, is
given, The different magnitudes of interest are indioated
at different stages of the decay process, A summary of the
main experimental methods is presented in table 1:2 in
addition to parameters which may be determined by the dif-
ferent methods, ' '

dost of the methods used yleld information about the secon-
lary fission produects, whereas the theoretical desoiptions
concern the primary fission fragments., Thus, uncertainties
in the interpretation of experimental data are imposed due
to wncertainties in the desoription of the nuolear evapo-
ration leeding from primery fragments to secondary products
(see fig, 1:1), Below we will propose an experiment (on
'lead) where these uncertainties may be reduced,



Table 1:1

Energ¥ Térget Accelerator

(MeV
85 F-4]

Au,Bi
U

156

170 U

450 Ta,Bi

600

AL

Table 1:2

Experimental method

S0lid stete deteos .

tors(zlass,mica)

Radigchemical met-
hods(mass-spectro-

Scopy)

Recoil methods

Semiconductor de~
tectors

vemiconductor de-
tectore and timew
of=-flight determi-
nation :

MeGill 30

Orsay SC

Gustaf Wer=
ner SC

Chiecago 5C

CERY

Information obtained

Charge distiributions,
isomeric yield ratios

Pragment kinetic energies,
masg distributions, neutron
emission in the fission pro-
cess

Oharge- and mass distributions,
deposition energies

Charge~ and mass distributions,
Recolil naraneters, fragme.t
kinetic energies, deposition
erergles

50 Charge~ and nass aistributions,
recoil parameters, fragment
kinetic energies, deposition
energies, fission oross sections

Parameters determined

FPission cross sections, projection ang-
le between binary fragments, Estimates
of fragment kinetlic energies and masses

Detailed information on charge- and mass
distributions of secondery fission pro-
duets (Ai,zi in fig. 1:1)

Detailed information on kinetic~ and
excltation energies of secondary fis-
sion products(Ti,p’i,QLi in fig. 1:1)

Detailed information on distributions
of kinetioc energies for complementary
fission pmvducts,projection angles het-

- ween pairs of fragments,energy-energy

correlations

In addition to above, the mass of one
of the oomplementary fission products,
masg-energy correlations, correlations
for differing projeotion angles(i,.e,

?if{erent values of pli’HLi’E; in fig.. . .
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The experimental method to be used in the proposed ex-
veriment is that of semiconductor detectors for energy-
energy-velocity measurements on complementary fission
fragments, A simplified situation is shown in fig, 1:2

where detector 2 is placed far from the target and dew
tector 1 23 close as possible.
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From the pulse height Xi in detector i the corresponding

kinetic energy of the fragment may be calculated accor—
ding to

1 ’
E&,na (o + Qi Mo )X+ 0+ b Mi.,n-q (1.1)

where the constents a,, a{, by o bi may be determined for
each detector using fission fragments from 2520f. As the



celibration equation depends on the mass of the fission
fragment, il,, iteration has to be used, From the time dif-
ference A+t between the complementary fraegments one may
caleulate the velocity V, , from |

i

de ( TN £ )
V. = =211- A< N T Gk 1. o (1.2)
!t“’ At i‘i M!,I\"l Eq,n

where the term in the square bracket is a corregtion for
the fligh% time to the near detector 1, Fragment masses
may be calculated from

.
Man=2Eq, 7/ Vyy (1:3)
"1,!!: M- MQ,"L | (1.4)

where Il is an estimated average total mass of the two
fragments, The iteration is continued until Img
reaches some predetermined limit,

To a large extent the design of the proposed experiment
1s based on the work of Remsberg et a1.1). These authors
studlied 2.9 GeV proton induced fission in uranium and
bismuth, obtaining an energy resolution of about 1 Hev,
a time resolutlion of about 0.5 nsec and the resulting
mass resolution was approximately 4 amu,

The method of semiconductor detectors has sgeveral advan-
tages compared to the other methods given in table 1:2,
It is possaible to study'for each event the correlations
between single fragment mass and kinetic energy or total
kinetic energy. These gquantities may be observed at dif-
ferent,correlation angles between the fragments, corre-
sponding to different center of nass velocitles for the
fissioning nucleus (or equivalent different exeitation
energies). Another advantage of the method is the detection

,n"M2,n-1 I



~of all fragments, i.e, also those with extremely long

or short half-lives (inecluding stable fragments)., Finel-
ly, both fragments of the binary process are registered,
thus there is no doubt that a complementary fragment
exists,

The dlsadvantages of the method compared to radiochemi-
cal methods are maeinly connected with the poor mass ree
‘solution and the faect that charge numbers are not recog-
nized by the method, A severe disadvantage compared to
solid state detectors is the low counting rate due to
emall solid angles, and compared to radiochemical methods
the limited target thickness in order to avoid large ener-
gy loss in the target,

Below, the three parts of the proposed experiment is de~
scribed, the estimates of beam time and details about de-
tector configurations may be found in section 3.

Sxperiment 1 (Uranium)

The purpose of this part iz %o study in detail the 600
MeV proton induced fission in netural urenium,The para-
meters aimed to be determined are those studied by
Hemsberzg et 31.1) at 2,9 GeV. Thus the angular correlation
between fisgsion fragment pairs, the energies of the two
fragments, the velocity of one fragment and the mass of
this fragment will be studied. It will be possible to de~
duce the excitation energies and momenta of the fissioning

systens.,
With solid state detectors the angular correlation between
fission fragments has been obtained at 590 lieV protons

incident on U, Pb and Ag by Brandt et al, 2), 'For limi-
ted parts of the fission mass region the charge disper-

sion curve and mass yield has been obtained (see for in-
stance refs, % and 4), Also, for some regions the reohil
parameters has been studied at the proton energy 600 MeV,



A IR

However, the variation of and correlation Wetween the
quantities obtainable with semicondustor detectors is
not known for the entire fission mass region, Thue it
~would for instance be of interest to obtain a total mase
digtribution curve, and to study the coﬁpetition bhetween
syrmetric and asymmetric fission as a funotion of exoits~
tion energy. | |

In conclusion: The proposed experiment 1 would constitue
a valuahle complement to the experimente already perforw
med with other experimental methods at the CERNI 30,

Bxperiment 2 {(Lead;

The parpose of %Lis nart is to study in detall the 600

17eV proton induced fission in natural composition lead,

The parzneters aimed to be determined ere the same as those
given above in connection with the uranium-experiment,

in the case of lead the lnformation already avalleble do
not, as far ag we lknow, lnelude fragment kinetlc energies,
excitation energies and momenta of the fissioning systems,
The entire mess distribution has been determined with
radiocherical methods 5), however this faet will be used

to overcome some of the difficulties mentioned earlier in
connection with primery fission fregments and secondary .
fission products. Thus, it will be possible to generate

the average number of neutrons emitted as a function of
fragment mass using the cumulative-yield method 6). Sueh
information is not available , at the proton energy consi-
dered, leading to uncertainties in the estimate of neutron
emission from the primary fragments.

Another purpose of the lead-study is to compare the expe=-
rinentally obtained kinetic energy- and mass distribue
tions with calculated ones. In the gcaleculations, the cas-
éade_step will be treated with Monte Carlo'methods,'similar
for the two different evaporation steps. The formation of
primary fragments mey be calculated with the rdynamie”



7). As properties of primary and ce-
condary products may be extracted from the experiment,
it will be possible to test the caleculations in some

liguid drop model

detail with respect to the assumptions made., Such cal-
culations are commonly used to interprete experimental
results obtained with intermediate- and high-energy
protons., _ '

In eonclusion: The proposed experiment ? would, in ade
ditlon to the parameters mlso obtained for uranium, yield
the average number of neutrons emitted from the primary
fragments, It will also be pogsible to test some of the
assumptions inherent in fission-spallation competition
calculations,

Experiment 3 (Pr, Ag, Sr and Cu)

The purpose of this part is to study the fission process
induced by 600 eV protons in some light elenments, Here
our main interests are angular correlations between fig—
slon fragments, differential- and total fission cross
sections, The kinetie energy-, velocity- and mass-distri-
butions will only be estimated due to the low counting
rates expected,

n fig. 1:3 , the nuclear fissility, i.e, the fission
cross section lelaed with the total cross section, is

‘shown versus 3 /A for some fissioning sv“tems. ("he re-
ferences given may be found elsewhere .) Above ZE/A‘-’GES
there is general agreement between y-, p- and a~induced
fission, but below this value considerable secatter occurs,
when comparing the experimental values shown in fig. £:3
it must be noticed that differences exists in the absorp-
tion cross sections for the three projeectiles, In the ca-~
se of y-induced fission the plateau~values in the fission
cross sections occur at lower energies than the sorre-—
spondlng plateaus in p- and a-induced fission, Below

7 /A."‘PO (i.es Ag) the experimenters have not studied
complementary fragments, thus it has not been established
that the cross sections given refer to binary fission
events or even fission events. The s0lid ourves shown
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has been. caleulated by Nix and Sassi 0. The different
curves correspond to dlfferent values of parameters ine
volved in the ocaleoulations, : ' _

The proposed experiment aims to determine the angulsasr
distribution and total fission ecross section for binary
fission events, In the experiment, however, also those
events giving pulse heights in the fission fragment re-
glon but without complementary fragments will be regi-
stered, Thus it might be possible to determine the cha-
racter of the events registered in the y-induoed fission

at low Z /A values, " :
The mess distribution in the target mass region oconside~ .
red is unknown. The width of the distribution is expec=

ted %o be Minfinite" 7). The fission fragments might

looge their indentity making it impossible to distinguish
between fission fragments, spallation= and fragmentation
products.

The estimates of counting rates (see section 3) is for
natural reasons very uncertain in the cases of 3r and Cu.
In conclusion: The proposed experiment 3 would yield
information in a region where the fission process is

1little understood, and even data with poor statistics

could be used to make interesting comperisions with theow
retical predictions about the fission cross section, the ‘.
- Xinetic energy- and mass~distributions.
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lﬁGL O Y- induced lission 300 ~1000 Me¥ 16) O p- induced fission

B Y-induted fisslon 300-1800MeV 10} A p- induced fission
® y-induced fission 300- 900 MeV 14}  +@ - induced fitsion
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? Bxperimental arrangements

The scattering chamber with detectors is shown in fig,
2311, Detectors D4 and D5 are placed on detector holders,
which may be moved to obtain different angles, with re-
spect to the proton beam, as well as different distanoces
to the target. Detectors D1- D3 are at fixed positions,
The moveable arm for target holders mekes it possible

to change target element easily and also to calibrate
the detectors with 2°°Cf fission fragments., The options
above may be choosen without breeking the vacuum { ap=-
proximately ‘10"5 torr). When changes of detectors and
detector collimators have to be made it ie necessary to
break vacuum, however, and each such break means an
lrradiation stop of about 4 hours. It ls thus necessary
to have 2 number of pauses during the irradiation, short
pauses to change angles, distances and terget elements,
eand longer stops to change detectors and collimators,
The approximate ares needed to build up the experiment
is shown in fig. 2:2, where one part of the electronic
systenm is placed toa.In fig. 2:3% & possible location of
the experiment in the particle phy51ca ares of URZ is
shown as the hatched area,

The electronic gystem is designed approximately as the
system used by Remsberg et al. ! y and most of the com-
porients are comereial ones (ORTEG) . The fast timing eig-
nals needed to obtain the time~of-flight are derived with
time~pickoff units inserted directly between the detectors
and the preamplifiers, From the experimental area in UR2
5 signals will be obtained: 3 analog signals describing
the two energies and th time=of«flight, and 2 logliec sig-
nals used for gating purposes and to determine from which
one of the detectors D,~D, the event originates. These

5 signals may be transported in normal coaxial cables to
a remote place where the 3-ADC-unifa, the interface-unit
"and the computer used to eollect data are situated.
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As we cammot move the IBM 1800 computer used, when the
experiment is performed in Iund, it is necessary to have
a small computer with a magnetic tape unit accessible
during the running period., Also, it is desireable to have
some room (preferably with the computer in i%t) from whe-
re we can run the experiment, |

Firnally, it is desireable to be able to test our equip-
ment, if the experiment is accepted, some time (say

half a year) before the actual running period. During
this test we would like to observe the behaviour of the

a: 2 m

A 4 m
t: 1 m

FIGURE 2.3

detectors when placed close to the beam,,and also to check
the interface-unit, The data taking will be simulated in
order to test computer programs etc..
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2. Estimates of beam-time

The number of fission fragments registered in a detec-
tor D, , placed at 8° with respect to the beam, may be
calculated acoording to

. . » m < )
n = ML 5&(@:) (3e1)
sin, o di g

where

A52; : solid angle subtended by the deteotor

M.«P ¢ number of projectiles per second

M ot ¢ number of target nuclei per cm2

o ¢ angle between target and beam
(do'/dR)g : differential oross section at

According tc Remsberg et. al, R

is approximately true,

the following relatlion

($e/dR)ge = /4T (3.2)

not only for fission products but also for other reac=
tions heving products in the fission mass region. Thus,
at 90° the fragments observed are expected to be an un-
biased sample of all produects in the mass region oharac-
teristic for fission fragments,

The total fission cross sectioms measured by Brandt et 31.2)
were used for U, Pb and Ag. For Pr the general relation
between the muclear fissility and the quantity Z?/A was
employed, and for Sr and Cu we simply assume the counting
rates to equal those of silver.

In table 3:1 the values of n,. (ealculated for target
thicknesses of 200 Fg/cm Yy G" and T,/4€ are given.
The proton intensity (with duty factor 1) has been limi-
ted to 5-1011 protons/sec in order to minimize pile-up
effects. A beam spot of 1 cm2 is used below,
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Table 3:1
Target . n,.(atoms om"z) 0 y(mb) G'f/qr {mb sterad"'1)
UP, 3,85 1017 1060 84
Pb h.82 144 11.5
Pr 8455 1.4 O.11
Sr 13.8
Cu 18.9

For different solid angles it is possible to ocalculate
the counting rate, n,, according to eq. (3.1). This va-
iue of ni_refer to registrations without coincidence-
requirements, In order to calculate the coincidence rate
the distribution of correletion angles  between comple-
mentary fragments must be estimated. For U, Pb and Ag .
these distributions have been measured by Brandt et al.z).
The coincidence rate in detector Dk within the angle in-
terval (f in relation %o detector D; is then given by

n = m.-h?.

where k‘l’ is the fraction of soincident fragments emit-
ted into interval {p and DSl is the solid angle into
which these fragments are emitted.

The different detector configurations used, will be de~
seribed in the more detailed ealoulations given below for
the different parts of the proposed experiment,

Experiment 1 (Uranium)

This part may be devided into three subexperiments. The
angular correlation between complementary fragments is
studied in a), the kinetic energy-, veloolty~ and mass-
distributions are investigated for two different P-values
in b}, and in o) these quantities are measured with good
statistics integrated over all p -angles,
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a) Detector D4 (see fig. 2:1) at the distance R4=10 om
from the target center and with diameter d 4= 5 mm
subtends the solid angle 1..95-‘!0""'3 sterad, Detectors
Dy (D1, D, and .'D3) at Ry = 4:’2-301!: with 4, = 30 mn sub-
tend the solid angles 4,110 - sterad,
Acoording to eqs, (3,1) and (3.2) the counting rates for
the detectors Dk and I)4 s without coincidence-require~
ments, are

n, = 11100 counts min™!

n, = 5300 counts min™!
In this subexperiment the aim is to study the angular
correlation function I({p), with detevtor D"_ at approxi-
mately 90°, The estimates are based on a 5° bin width
for {p -anglea (see ref, 2)., Furthermore, we assume that
for\p -angles leass than 175% the veloclty of the center
of mass causes the fragment to be emitted only into the
shaded parte of the solid angles as shown in fig. 3t1.
These shaded areas have been used in the caloculations
assuming equal probability within each area (dn-f?.qp Ye
Thie ie not quite correct, but from the experimental re-
sults of Remsberg et al, 1 it can be geen, that the
procedure used is a good approximation,
In table 3:2 the estimated coincidence rates are given,

Table 3:2

P ~interval ke AR /AR ¢ n;’: (counts.min™1)
- 180=175 0.52 0,166 460

174=170 0.28 0,111 170

169-165 0.12 0.067 44

164~160 0.06 0.048 16

159-155 0.02 0,038 5

The total run time for &) is estimated to 8 hours inclu-
ding pauses for changes of angles,

'b) Detectors and other parameters as in a), The aim here
is to study the distridbutions of Ek,E4 and A t, where E
are kinetic energies and At the time-of-flight for frag-
mentis entering detector Dk' Additional data (wii:h respect
to 8)) will be taken in the angles \p =180° and 170°. With
4 hours run time, one will obtain approximately 104 event
for P = 170°, which should be sufficiently good for

our purpose. :



i 74-170"

FIGURE 3:1

¢) Detector D, is replaced with a detector having d, =
30 mm and R4 = 5 ¢m resulting in the solid angle 2.66
1071 sterad, and covering an angle of approximately

32° from the target center,

Detector D, at 90° with d, = 10 mm and R, = 42 om sub-
tends the solid angle 4,50 1074 sterad. Placing D, in
an optimal angle (determined in 1a) with respect to

Dz, it will be possible to register in D4 approximately
90 % of the complementary fragments to the ones de-
tected in D,. | | |
n, = 1260 counts.min™

With 8 hours beam-time (including vacuum break) about
250 000 events may be collected.



Experiment 2 (Lead)
The program for lead is indentiocal to the uranium-study

deseribed above, With all parameters {distances, disme-
ters etc,) it turns out that the counting rates for lead
are about 5 times smaller those for uranium,

Thus,for the same three subexperiments the estimated
run-times are (taking stops and pauses into consideration):
a) and b) 28 hours "

¢} 24 hours '

Experiment 3 (Pr, Ag, Sr and Cu)

As mentioned before, the estimated run~times glven below
are by neccessity uncertain, This part of the proposed
experiment may be divided into two parts, First the an-
gular correlation between fission fragments will be stu-
died, and in the second subexperiment the angular distri-
bution of fission fragments (and other fragments giving
detector-responses equal to those obiained with coincident
fragments) will be investigated, At the dlfferent angles
the distributions of kinetic energies, velocities and
messes will be measured or rather estimasted, At 90° some-
what better statistics will be scollected.
a) With D, at R, = 5 ¢m and d, = 20 mm the solid angle
subtended 1s 1,22:107" sterad. Detectors D, are in ex-
periment 3 placed at Rk = 20 cm and dk = 350 mm yiel-
ding the solid angle 1.80+10"° sterad,

n, = 1000 counts minf: for Pr .

n, = 370 counts min ' for Ag, Sr and Cu
without coincidence~requirements, The distributions of
angle-intervals Y are binned in 10° intervals,
In table 3:3 the ooinoidencewrates in D, are presented
with k¢ according to Brandt et a.1.2-) (the value for Ag
were used for all four elements).
With approximately 103 events for each target in the

i\e -inte:val 159—150 y the estimated beam-time smounts
'to 48 hours, ' :
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Table 3:3
¢ -interval | k‘f .L‘nk/éflq, n; (counts min"l‘l)
Pr Ag,S5r,Cu
180-170 0.45 0.183 70 27
169-160 0,19 0,123 20 8
159=150 0.15 0,076 10 4
149-140 D11 0,053 5 1.9
139=-130 0.10 0.047 4 1.5

b) The angles choosen for the investigation of angular
distributions of fission fragments are: 20°, 45°, 90°,
135O and 160°, These angles refer to the position of

Dge The esolid angle for this detector is 1,77-1072
sterad for RS = 20 cm and d5 = 30 mm, Detector D4, pla-
ced in an optimal angle with respect to DS’ subtends
the solid angle 2,66:10~1 sterad from R, = 50 mm and

d, = 30 mm, The detector D, subtend an angle of about
32° and approximately 80 % of the fragments in coin=
cldence with those registered in detector DS will enter

D,a
4 -1

ng = 140 counts min_1 for Pr

N ng = 55 counts min = for Ag, Sr and Cu

All events in detector ﬁ5 will be registered, i.e,
also those without complementary fragments in D4.
For approximately 5000 events for each target in the
angles 450-135O and about half this number in 20°

and 160" (R4 = 10 om) we will need about 56 hours of
beam=time, '

Summary

A summary of the estimated beam-time and the subjects
investigated 1s given in table 3:4,
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Table 3:4
Experiment Target Subjeet of interest Besm-time
1a U I(yp ) for coincident . 8 hours
. fragments |
1b U Ei’ vi,' m; versus ? . 4 "
10 U E;y vy, my total .8 m
2a, Pb I(¥) for coincident
' fragments i |
2b Pb Ei’ Vys m; Versus ¢ - |
2¢ P> Ej, vy, m; total - BT o
3a PryAg, I(% ) for coincident 48 "
_ Sry0u fragmenta
3b PryAg, I(6), Ej, vy, my 56 "
sr,Cu versus £O- . ‘
Teasts 6 "
Total 182 hours
Preliminary time-schedule .
Day 1 Access to UR2, 2 hours beam~time, experiment set up ®
2 Tests
3 Teats with 2 hours irradiation time
4 Tests -
5 Tests
6:mTeata with 2 hours irradiation time
.
13? . Experiments in the following order
11 1&,1b'2a'2b’3a’10'2°’3b
12
13
14
15 /

16 Access to UR2 for packing and cleaning
17 f " n L] i) L "
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