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Antiproton-induced fission has been investigated with a novel double-arm fission fragment spectrometer.
The correlations in mass, energy, and velocity between two fragments were measured. The dependence of total
kinetic energy, velocity, momentum of the fissioning nucleus, and momentum of the fission fragments on the
mass loss was deduced and analyzed in the framework of the dynamical statistical model. This model takes
into account all stages before, during and aftenduced fissior(atomic cascade, intranuclear cascade, evapo-
ration cascade, fission of the compound nucleus, evaporation from the fission fragmbatsmass loss was
used as a measure of the excitation energy to classify the fission events according to the corresponding
excitation energies. Some discrepancies between the model calculation and the experiment show the important
role of dissipative effects in thp-induced fission procespS0556-281®6)04511-§

PACS numbegp): 25.43+t, 24.75+i, 25.85.Ge

. INTRODUCTION sion fragments resulting fromp annihilation in 238U,
232Th, and 2°%Bi targets.

Related to the investigation of nuclear matter at high ex- In the present paper we will examine various correlations
citation energyE* there is an increasing interest in high between mass, energy, and velocity of coincident fission
energy fission. The fission phenomenon is like a microscopffagments fromp-induced fission which has properties dif-
through which we can have a close look at the nature anéerent from those of heavy-ion-induced fission: Only very
behavior of hot nuclear matter. One very good example is théttle linear and angular momenta are involved. Such corre-
study of fission time which gives us a clue to dissipativelations can provide information on both annihilation and
effects in fission[1]. Some authors have tried to search for SUbsequent evaporation and/or fission processes. The mass
exotic nuclear phenomena such as fireb@leor cleavage of 0SS Am (the target mass minus the mass sum of the two

the nucleug 3] by measuring correlated fission fragments,co'n(;:'dent fragment? aftr?r all evaporation pro?e)ﬁmekk be q
while others tried to learn about multifragmentation by look-USed as a measure for the excitation energy of the compoun

ing at the total-mass—total-kinetic-energy correlation of coucleus right after the fast cascade process. This procedure

incident fragmentg4]. In this respect the antiprotonpd) will be justified later. This experimental observable is very
: ragmer C SP 1P P seful since it enables us to classify each single fission event
induced fission is very interesting because it produces ng

7 : ccording to its excitation energy.
only another set of fission data but it can also shed some g 9y

- S ; . A ) 3 Recently some evidence arose from heavy-ion-induced
light on the p-nucleus interaction, which is quite different fisqion experiments that the fission process is so strongly

from conventional nuclear reactions. overdamped that the fissioning nucleus is almost cold at the
The first part of our publicatiof6] dealt with the general  time of scissior{7]. A direct measurement of such an effect
aspects of fission induced by stopped antiprotons by compajn the case op-induced fission would be desirable, because
ing the inclusive experimental Spectra with model CalCUla'on|y little angu]ar momentum is involved. The common ex-
tions for four Sequential processes: the atomic Cascade, tll‘%rimentaj method to Study such an effect is to measure neu-
intranuclear cascadéINC), the decay of the compound tron spectra at various angles with respect to the fission axis
nucleus(simulated with the statistical evaporation madel and to deconvolute the spectra to obtain the neutron multi-
and the fission processimulated with a diffusion model piicity before and after scission. Apart from this technique
based on the Fokker-Planck equajioihe double-arm fis- the correlation between the total kinetic enexgKE) and
sion fragment spectrometer with which we measured twQhe mass loss can also provide a means to observe the effect,
masses, two kinetic energies, and the folding angle betweegince particle evaporation before and after fission has differ-

the fission fl’agments is eXpIained elseWhgﬁb The spec- ent consequences on the fission kinematics.
trometer was employed at LEAR/CERN to measure the fis-

II. INC, EVAPORATION, AND FISSION CALCULATIONS

“Present address: Korea Institute of Geology, Mining and Materi- The calculation of the intranuclear cascade and the subse-
als, Taejon, South Korea. guent evaporation and fission is described in detail in the first
'Deceased. part of our publicatior[5]. Here only some results will be
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FIG. 1. Result of a model calculation for the average excitation 9 - (b)
energyE* as a function of the mass lossm. The slopes of the 8 - 230
graphs imply thakm=1 roughly corresponds tB* =10 MeV. Th

shown. First of all, the correlation between average excita-

tion energyE* and mass losAm is shown in Fig. 1Am is
given byAm=A;—1— My, with A; the number of nucleons

neutron

Number of Nucleons
(4,
|

in the target nucleus and the total number of nucleons in 3 1

both fission fragments. AAm>10, E* depends almost lin- 2 4 proton

early onAm for both U and Th. This kind of correlation was 1 5

first used in the work of Remsbesg al. [8] who combined 0 +—— ' | | | , |

the results of the two early pioneering works by Metropolis

et al. [9] and by Dostrovskyet al. [10]. The slope of 10 0 10 20 30 40 S0 60 70
MeV/(emitted nucleohis the same Remsberg al. had ob- Am [u]

tained. Hence it is justified to us®m as a measure d*

with a conversion factor of 10 Memitted nucleon Fig- . FIG. 2. Result of a model calculation for the average humber of
ure 2 shows the number of protons and neutrons em'ttef;,jascade proton&otted lineg and neutrongsolid lineg as a func-
during the cascade as a function of the mass loss and, cofs, of Am. (@ for 28U and (b) for 232Th. Adding protons and
sequently, ofE*. There is practically no difference in the neutrons gives 0.2 nucleawn, which corresponds to 50 MeV per
slope for U and Th, and a linear relationship holds betweemascade nucleon.

the number An of cascade nucleons andAm:

An/Am=0.14 for neutronsAn/Am=0.06 for protons, and heavy-ion experiments]. Hence the mass loss in fission of
thus An/Am=0.20 for cascad@ucleons This leads to 50 hot nuclei may not be identified with the neutron multiplic-
MeV per cascade nucleon, which is the same value Metropdty, as is often done. Again, there is no large difference in the
lis et al. had obtained. The number of nucleons evaporate@ross feature between U and Th, except that the neutron
from the compound nucleus before fission is shown in Fig. Jvaporation saturates Aim~22 for Th. It has to be kept in

as a function ohm. Some small substructure in the curves ismind that the above-mentioned relations are the results of
due to the statistics of the calculation. The number of evapogur calculations.

rated neutrons increases with increasign until Am=18 It is instructive to see the change of TKE due to various
(E*~100 MeV; cf. Fig. 3 and then drops slowly with in-  particle evaporations. The simple liquid drop model] pre-
creasingAm. It is remarkable that neutron evaporation is notdicts theTKE* (total kinetic energy of two fission fragments

a dominant decay channel Aim>30, i.e.,E*>220 MeV. after full acceleration assuming no evaporation from the
Proton evaporation is highly suppressed because of the rathisagments to be

high Coulomb barrier and contributes only very little. The

emission ofa particles, however, is important for the mass TKE* = 0.124Z%IME MR MeV, )

loss during evaporation before scission. Charged particles

carry away the largest part of the mass of the hot compoun%hereZ and the masa/*

i b their bindi f tron-defici ot are the charge and mass of the
nucieus because their binding energy for neutron-de ICIer'llissioning nucleus, respectively. The average total kinetic en-
compound nuclei may become even negatifigsion frag-

' ¢ ich loi it oredominantl fioAs ergy that can be compared with the experiment is the value
ments, neutron-rich nuclel, emit predominantly neujo after all evaporations which can be approximated by
a result of the competition with the emission of other par-

ticles, the number of prescission neutrons does not increase M
with the excitation energfg* of the compound nucleuse., TKE=TKE* —2 )

*

with the decrease of the total mads,;), as was observed in tot




54 FISSION OF HEAVY NUCLEH ... . Il. ... 2471

1
° (a) (a)
238 = pre-scission neutron
5 . o ¢-
2 U charged particles .~ =
o
& 4 / g -1 - post-scission neutron
S neutron =
/ .
vz— -S pre-scission alpha
s} O 2+
o, w
32 x .
£ — -3 -
> o pre-scission proton
=z
-4 T | T
91/237 86/222 81/207 76/192
ZiM Tot
0.015
Am [u] — (b)
=]
o 0.010 -
6 (b) c pre-scission neutron
=~ 0.005
» 9 232Th 5 0 post-scission neutron
— 0.00
S charged particles , =
% 4 - — 2 _0o005- pre-scission alpha
2 yd 2
5 3] neutron '_é_ -0.010 pre-scission proton
3 5 -0.015 . , |
g / 91/237 86/222 81/207 76/192
=z
1 proton L Z/M:
0 ! ‘ ! ' ' ‘ FIG. 4. The slope ofa TKE and (b) v ms as a function of

0 10 20 30 40 S5 60 70 particle evaporation before and after scission veis The val-
Am [U] ues were calculated with Eg&l), (2), and(5). Charge and mass of

the fissioning nucleus were arbitrarily selected approximately fol-
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FIG. 3. Result of a model calculation for the average number of

evaporated protongouble-dot-dashed lingseutrongsolid lines, . —_,

and other charged particlédashed linesas a function ofAm (a) From Egs. (1), (3_)’ a”‘?'(“) and assuming TKE= TKE* as

for 238 and(b) for 232Th. The ordinate gives the number of nucle- well as v jms ~ v ms, it follows, for the case of the most

ons. FromE* ~300 MeV upward neutron evaporation is no longer Probable mass and charge of the fragments,

the dominant decay channel.

whereM  is the sum of the masses of the two fragments
after all evaporations are finished. Now the changdKE
per evaporated nucleaiTKE/dM ; can be obtained from
Egs. (1) and(2) for various evaporated particles in the case
of 5% as function ofZ/M , as shown in Fig. @). The Based on Eq(5), we can also obtaifv , for various
dTKE/dM,; for prescission neutrons, protons, particles, charges and masses of the fissioning nuclei. The role of par-
and postscission neutrons are about 043, —1.4, and ticle evaporation ow,,s calculated in this way is shown in
—0.7 MeV/nucleon, respectively. Note that only prescissionFig. 4(b). The major difference from Fig.(d) is that the
neutron evaporation increases the TKE. postscission particle emission has no effectuop,s. The

It may be even more instructive to see the change of thq;ms/d M, values for prescission neutrons, protons, and
fragment velocities due to the particle evaporations becaus,gbartides are calculated to be about 0.0040.09, and
the ppstscissiqn evaporation will, on average, not affect the_g 003 cm(ns nucleon respectively.
veIoc[ty,'enabIlng us to obserye rather purely the effect of The importance of these calculateﬂﬁ/thm and
prescission evaporations. We introduce the root mean Squa&%ﬁms/thot values is obvious: In thé2E,2v) correlation

velocity of the two fragments as measurement, one obtains the correlation of TKE and veloc-

®

o ZZ 1/2
Ums = (0-24 *43)

tot

I /v1 Vs (3) ity to the mass losdm, and the slopes at each givAm in
those correlations can be interpreted as the consequence of
From the fission kinematics one obtains the various particle evaporations before or after scission.

Such a correlation can, therefore, reveal some information on
prescission and postscission particle evaporations as will be
shown in Sec. Il D.

*

M
TKE* = 2“” vy Uy (4)
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[ll. DISCUSSION AND COMPARISON 2007
OF EXPERIMENTAL AND CALCULATED
CORRELATIONS BETWEEN

FISSION FRAGMENTS 150

(a)

A. Experiments

Our double-energy double-time-of-flight experiment was
performed with a double-arm fission fragment spectrometer
consisting of twop-i-n diode arraygwith 144 diodes eagh 501
using U, Th, and Bi targets. The experimental details are
explained elsewheré]. With the spectrometer it is possible
to obtain the massedA;,M ), kinetic energieskg,,E,), and
velocities ¢ 1,v,) of and the folding angle®;) between two 2001
coincident fragments and to determine correlations between
mass, kinetic energy, velocity, and momentum. Mass, en-
ergy, and time resolution were about 8 nucleon, 2 MeV, and
1.5 ns full width at half maximum{FWHM), respectively. —
The number of registered coincident fission events is 17 000, % 100
4000, and 420 for U, Th, and Bi, respectively. One should E
take the different number of events into account when com-

paring correlations among different targets because scatter 50r
plots do not show the real width of the distributions. The
inclusive single distributions have already been shown in our 0 ! ! ! )
previous papef5]. 200 .
B. Correlations between mass, energy, and velocity .
of coincident fission fragments 1501 ] Bi

Figure 5 shows the correlation between the two fragment —_
masses. The events with mas®5 are not included in the 5-"-\‘ 100+
plots and the events are not corrected for the efficiency of the =
spectrometer. If they were corrected, the center of the distri-

butions would move slightly to lower masses in the cases of 50r

U and Th, and somewhat more in the case of Bi because the

average folding angle for Bi is larger than that for U and the 0 ! L 1 —
counting efficiency decreases with increasing folding angle. 0 50 100 150 200
The total mass M,; can be obtained just by m, (u]

Mt = my+m,. The points beyondM,, =237 for U,
M=231 for Th, andM,; =208 for Bi — one nucleon is ) , o
lost by annihilation — are due to the limited mass resolution, G- 5. Experimental mass correlations of two coincident frag-
The overall feature of the correlations shows the typica|r2r(1)en_ts_from the reactiong@) **U(p,f), (b) ***Th(p,f) and (c)
liquid-drop nature of the fission process, with the large width Bi(p.f).

apparently due to the broad distribution Bf of the com- _

pound nucleus after antiproton annihilation. In the cases of Urig. 8. The TKE value decreases &8 . is reduced. Such a
and Th the slight curvature of the mass correlation plots inbehavior is explained by a well-known regularity in fission
dicates a small contribution of asymmetric mass divisionphysics [12]: The kinetic energy of fission fragments is
which is typical for low energy fission. This effect is not mainly defined by the energy of their Coulomb repulsion at
evident for Bi. Outside the boundaries of the general correthe scission poinfthe contribution of the prescission kinetic
lation, there are a few events at the lower-left parts. Th%nergy of the fragments to thEKE value is not larger than
M ot Values of these events are extremgly smgll gnd may bTO%). As a result, the TKE value grows linearly with
due to other processes rather _than to binary fission. The el}%/Aé/s and the TKE value is larger for heavy compound
ergy and velocity correlations in Figs. 6 and 7 show no re- Lclei hereZ, is the number of protons ank, the number
markable substructure but only the typical broad distribution. ' 0 P

Note that the velocity correlation is much stronger than theOf nucleons in 'ghe residual nucleus after the cascadg.
The calculation of TKE agrees reasonably well with ex-

energy correlation. The effect of the energy and time resolu- eriment(see Fig. 8 for small values of the total mass loss
tions on the width of the distributions is negligible in these? 9. '

cases. With lower target mass the average energy becomﬁéng 30, L.e., in the region of moderate excitation energy of

*
lower while the average velocity stays more or less constant: c compoun.d nucleuss* <220 Mev, but the calcul.ated
TKE values lie about 10—20 % higher than the experimental

ones in the region of 3@Am=< 80 (i.e., 220<E* <600
MeV). This discrepancy may be attributed to the scission
shapes being more compact in the diffusion model than in
__The dependence of the average total kinetic energyeality for fission of hot compound nuclei. The diffusion
TKE of the fragments on their total mass ; is shown in  model [12] calculates the potential deformation energy of

C. Correlation between the total kinetic energy and the total
mass of fission fragments
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FIG. 6. Experimental kinetic energy correlations of two coinci-  FIG. 7. Experimental velocity correlations of two coincident
dent fragments from the reactioria) 2U(p,f), (b) *?Th(p,f),  fragments from the reactioria) “U( p.f), (b) ***Th(p.f), and(c)
and(c) 2°%Bi(p,f). 29%Bi(p, f).

. L - . before scission than is calculated with our model. Note that
fissioning nuclei using the liquid-drop model which does notWe are concerned about the slope and not the TKE value

take into account the temperature dependence of its paranl%'self, which means that the temperature effect mentioned in

eters. The global liquid-drop properties of hot nuclei, how- . . '
the previous section has only minor consequences.

ever, are considerably different from those of cold nuclei It is advantageous to examine the behavior of the fraa-
[13,14] (in particular, a hot nucleus has a larger radius and a Y 9

arger ifuse layer i a cod onel e wou ake o ST S T b, The mesche
account such thermal effects in the diffusion model, the 9. 9

nuclear shapes at the scission point would be less compagt®t The Sl'gh.t increase Qf ms With decreasingq (i.e.,
and, hence, the TKE of the fission fragment would bemcreasmgAm) is clearly visible. Thalv s /dM values at

smaller. Am~26 are about 610 ¢, 6x10™*, and 1.4 10" ° cm/ns
nucleon for U, Th, and Bi, respectively. Note that the slope
for Bi is twice as large as that for U or Th. The fission
probability of Bi is much smaller than that of U and Tib].
This implies that a comparatively larger number of neutrons
The discrepancy between calculation and measurement tfian charged particles is emitted before scission of Bi, com-
TKE as a function ofAm may, however, also indicate that pared with U or Th.
the enhanced number of prescission particles affects TKE An estimate of what the particle evaporation before and
seriously, as is often observed in heavy-ion reactj@iiswWe  after scission means s can be obtained by comparing
note that the slope in Fig. 8 becomes steeper as more nuclexperimentab s values with the following extreme cases:
ons are missing in the regiadhm=30. As discussed in Sec. (1) all evaporations take place after scissi#),all evapora-
I, this indicates that more charged particles are evaporatetions take place before scission, a(®] dissipative effects

D. Effect of particle evaporation on TKE and velocity
of fission fragments
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FIG. 8. Averaged values of the total kinetic enefBME as a

function of the total masM ,, of fission fragments fop-induced .
fission for 222U (upper paft, 222Th (middle part, and 2°%Bi (lower none of these curves are similar to the measured curve. A

part. Data points, experimental results of this work; histogram,COmparison between the calculation for cé®eand the mea-
calculated results. sured valu_es is very instructive. At smalin thev rm_Svalues
agree, which indicates the validity of both experimental and
. theoreticalv s Values. At a mass losAm~26, however,
p!ay no rol_e(the number .Of evaporated nucle_ons is the ON&he difference is about 0.015 cm/ns. According to Fig)4
given by Fig. 3. If one tries to be more realistic, one can s is a consequence of the evaporation of roughly four ad-
. Yitional neutrons before scission, compared to the statistical
fragments due to the deformation energy. Let us further aSzalculation. With larger mass loss the difference becomes
sume that the number of evaporated charged particles befo{a‘?/en larger
scission is given by Fig. .3 for_cas(@). Then the average It was mentioned in the previous sections that the total
charge and mass of the fissioning nucleus can easily be Ol?(in

. o . . etic energy of hot nuclei may be reduced due to the ther-
tained from the INC and statistical evaporation calculatlonsmal effect. Therefore, it may be dangerous to calculate the
(Figs. 2 and Bfor each case as a function Afm. Now Eq. ' j

(5) can be used for calculating, . for each case. The results exact numbers of prescission and postscission particles from
Wrms ' the correlation between ,,s and M,;. The comparison in

are shown in Fig. 10 together with the measured values fofiig. 10 of the experimental values with the ones calculated

(Ul) Itis unt(:]erstfa;ndflblef ttr?a’tfms IS glmost cqnstafnt mt CaS€ for the three different cases shows at least qualitatively that
,tsmce € erec Stol € cag;a e2em|s§|(<)tr)1)]o prg ?r?s aYhe number of prescission nucleons is enhanced at high ex-
neutrons approximately cancffigs. 2 an , and the fitation energies.

average velocities of the fragments will not be changed b
evaporation from the fragments. In the other extreme case,
v ms INCreases drastically with increasing excitation energy
as a result of the evaporation of many neutrons. In the case
of the statistical calculation, the trend is even reversed owing Figure 11 demonstrates the correlation between the mo-
to the fact that charged-particle evaporation becomes mommentumP of the fissioning nucleuscalculated from frag-
and more probable @&8* becomes large(Fig. 3). Note that ment momenta and folding angland the mass losdm of

E. Correlation between the momentum of the compound
nucleus or of the fission fragments and the total mass
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FIG. 10.v s as a function oAm calculated for the three cases
discussed in the text:evaporation only after scis¢gmiid line), all
evaporation before scissidqdashed ling and statistical calculation
(dotted ling, together with the experimental data points féfU.

the fission fragments. The average moment@nncreases
with mass lossAm (i.e., with the excitation energy of the
compound nucleug*). Such behavior was predicted in Ref.
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FIG. 12. Average values of the momentum rafi /P, as a
function of the mass los&m for p-induced fission of%?Th. Data
points, experimental results of this work; solid line, calculated re-
sults.

able agreement with the experiment in a wide range of
Am, except for smalAm values. It should be noted that the

[16]: The more the collisions that take place in the intra-experimental correlation is not corrected for the spectrometer
nuclear cascade, the higher are the values of excitation eResolution. In principle the momentum should be zero at

ergy E* and momentumP acquired by the compound

Am = 0, but due to the finite resolution in mass, energy, and

nucleus. The values df andAm are changed as a result of angle, the momentum tends to be always larger than the real
subsequent evaporation from the compound nucleus anghjye atAm~0; note that this effect is most pronounced at
from the fission fragments, but this effect does not modifyam=0. Taking this fact into account, the experimental cor-

the general shape of the curve. The calculated correlatione|ation supports the calculated results even in the Aow-
which takes into account the evaporation effect, is in reasorgomain.
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FIG. 11. Average momenturR of the fissioning nucleus as a
function of the mass los&m of fission fragments fop—induced
fission of 2% (upper pait and 2%?Th (lower par}. Data points,
experimental results of this work; histogram, calculated results.

The correlation between the momentum ratio of heavy
and light fragment®,, /P, and the mass los&m is another
interesting topic. The following expression for the average
value of this ratio has been deduced in Ré&f7]:

Py/P =1+Am5/M_ —A m/M+ higher order terms,
(6)

whereM andAm 4 are the mass and mass loss after scission
of the heavy H) and light L) fragment. The excitation
energy of the compound nucleus will be shared between the
two fission fragments proportionally to their masses if sciss-
ion takes place after thermalization, and then

Am/My~Ami/M_ and P, /P ~1. Consequently, the

Py /P ratio may be used as a measure of the degree of
thermalization in the fissioning nucleus.

A comparison of the calculated and experimental depen-
dence of theP /P, ratio onAm is shown in Fig. 12 for the
Th target. As one would expect, thi®, /P ratio is close to
unity for mostAm values and theory is in good agreement
with experiment. The calculate®, /P, ratio is slightly
larger than 1.0 fodm=30 (i.e., for the fission of hot com-
pound nuclei due to the increasing role of evaporation of
charged particledmainly « particle3. The experimental
Py /P, ratios atAm=60, however, are larger than the theo-
retical ones. The discrepancy between theory and experi-
ment, visible in Fig. 12, may indicate fast cracking of the
nucleus into two fragments before thermal equilibration or
breakup of the nucleus into several fragments starts to play a
role. The first procesécalled cleavagewas observed in an
11.5 GeV proton-induced-fission experimef#8], but it
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seems that such a mechanism is unlikely in the case dhe emission of neutrons and other particles during descent
nuclear absorption of antiprotons with “zero” primary mo- from saddle to scission point, and the temperature depen-
mentum. The second process was investigated in[R@f. It  dence of the nuclear viscosity coefficient must be taken into
was predicted that the explosive breakup of hot residual nuaccount. It is possible to do this in the framework of the
clei into several fragment&alled multifragmentationmay  diffusion model based on the Langevin equatjigd—22.
be observed with finite(rather small probability in The examination of the correlation data, especially the
p-nucleus annihilation. Breakup of the nucleus into a smalkorrelations of total kinetic energy and velocity to mass loss,
number of fragments may take placepmucleus annihila- indicates that a larger number of prescission particles is
tion at rest, either as quasievaporati@®., breakup into a evaporated than is expected from the statistical evaporation
large fragment and one or two small fragmerds as qua- model.
sifission (i.e., breakup into two fragments with approxi-
mately equal masses and one or two small fragments
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