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MRS SILICON AVALANCHE DETECTORS 
WITH NEGATIVE FEEDBACK 
FOR TIME-OF-FLIGHT SYSTEMS 

S.V.Afanasiev, Yu.S.Anisimov, Yu.N.Gotra, V.N.Jejer, V.I.Kolesnikov, 
V.V.Kushpil, A.I.Malakhov, N.A.Malakhov, S.G.Reznikov, P.I.Zarubin 

Investigation of time characteristics of Metal-Resistive layer-Semiconductor 
structure based silicon avalanche detectors with negative feedback, proposed for 
time-of-flight, Is described. Time resolutions of 550 ps on P-electrons and 250 ps 
on LED light pulses were obtained. Design and principles of operation are 
described briefly. 

The Investigation has been performed at the Laboratory of High Energies, 
JINR. Results were presented at SPHERE collaboration workshop, Varna, 
Bulgaria, May 31 - June 5, 1994. 

KpeMHHes&re naBHHHhle MPn-~ereKTOphl c OTpHu,aTeJibtiOH 
OOpaTHOH CBSI3bl0 MSI BpeMSinpoJieTHhiX CHCTeM 

C.B.A$lHacheB H ~p. 

OnHcanw HCCJJeAOBBHHII 8peMCHHbut xapaKrepHCTHK KpeMHHeBbiX 
na8HHHbiX AeTeKTOpo8 Ha OCHOBe crpynypw MeT8JIJI-pa3HCTHBHbiA CJJOA­
nonynpoBOAHHK C OTPHllaTenbHOA OOpaTHOA C8113bl0, npeAnaraeMbiX 1An11 8pe­
M11nponeTHbiX CHCTeM. nony'leHo 8peMeHHoe paapewenHe 550 nc Ha P-3neKr­
poHax H 250 nc Ha CBeT08biX HMnynbCaX OT CBCTOAHOAB. TaKJKe npHBOAHTCII 
KpaTKoe OnHCBHHe KOHCTPYKllHH H npHHllHna paOOTbl Aerenopa. 

Pa6ora 8WnonHeHa 8 JIB3 OIUIH. Peaynbrarw 6wnH npeAcraMeHbl na 
Pa6o'leM coaew,&HHH KOJIJiaOOpallHH «CCII EPA•, npoxOAHBWeM 8 BapHe (6on­
rapH11) 31 M&ll- 5 HIOHII 1994 r. 

Introduction 

The present and future experiments in high energy and nuclear physics 
require detectors for the time-of-flight systems with high time resolution. 
There are few ways to solve this problem: using phototubes and scintillators 
or silicon avalanche detectors of different designs. But phototubes and 
scintillators require high voltage supply and large enough volume. Silicon 
avalanche diodes with p-i-n structure are compact but also require high volt­
age supply (300-2000 V) [1 ]. 
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An additional way to solve this problem is the silicon avalanche 
detectors with a negative feedback [2-4 ]. Produced on low-resistivity 
substrate they are cheaper than avalanche detectors on high-resistivity 
silicon. These detectors operate at low voltages (about 40 V) and at room 
temperatures. Due to high gain of these detectors (103 - lOS) it is possible to 
obtain good signal-to-noise ratio collecting charge carriers from the active 
layer 2 .urn thick. Due to thin depletion layer it may be possible to collect 
charge carriers for a time about I 00 ps or less. The main problem here is 
high intrinsic capacitance of the detector that makes high RC constant of 
detectors. 

In this paper we describe the design and principles of operation of the 
detector and present some results of time characteristic measurements. 

I. Silicon Avalanche Detectors with Negative Feedback 

Silicon avalanche detectors with negative feedback. (SiAD) were 
designed and produced by INR (Troitsk) group in collaboration with MElZ 
(Moscow) [2-4] and some detectors were produced at the Institute for 
Electronics of Byelorussian Academy of Sciences (Minsk). They are made on 
the low resistivity (1 Q ·em) p-type silicon substrate 300 .urn thick and have 
Ni-SiC-Si-Al structure. Schematically the structure of, the detector is 
presented in Figure I. The thickness of SiC layer is 0.2-0.5 .urn. 
Application of bias voltage of only 37-42 V allows one to reach, in the 

region nBar the SiC-Si boundary, electric field more than 3 · 105 VI em that 
is enough for impact ionization. 

A minimum ionizing particle (e.g., relativistic electron) creates in space 
charge region (depletion layer) about 100 electron-hole pairs. Due to 

avalanche amplification (103+105) we can collect charge carriers on a 

Fig.! . Simplified structure of the MRS detector: I - Ni; 2- SiC; 3- p-Si; 
4- AI; A- avalanche region, FD- full depletion layer, D- diffusion layer 
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readout electrode 105+107• It is compatible (or even two orders more) with 
conventional silicon detectors (without avalanche amplificatio - about 

3 · 104 carriers for minimum ionizing particle). So more simple electronics 
may be used for such charge registration. 

The avalanche occurs immediately after the incident part icle passes 
through the avalanche multiplication region. Redistribution of the bias in 
the MRS structure and partial charge accumulation at the Si-SiC boundary 
takes place during the avalanche. Due to these processes the electric field at 
the avalanche multiplication region is decreased and it results in the self­
stabilized avalanche process. So a local negative feedback occurs between 
the avalanche process rate and the potential drop across the resistive layer 
[ 4 ]. The working surface of the detector is covered by thin N i film to provide 
optical transparency since these detectors originally were designed for light 
quanta registration. 

Because these detectors are produced on low-resistivity p-type silicon it 
is possible to make detector and amplifiers on the same wafer. They also can 
be used as position sensitive devices, e.g., pixel or microstrip detectors with 
or without electronics on the wafer. 

2. The Time Resolution Measurements 

First result of the SiAD time resolution measurement was obtained in 
November 1993 with square detector of area 5x5 mm2 produced by MELZ 
[5 ]. 

The silicon avalanche detector had been exposed to beta electrons from 
a source which has an end point energy of 3.5 MeV. The particles were 
collimated, passed through SiAD and two triggering scintillators with 
PMTs. The triple coincidence from SiAD and scintillators were used to 
trigger an event. The schematic diagram of the experimental setup is shown 
in Figure 2a. The gain of preamplifier was 7. 

The resolution of the detector a = 630 ps was measured. But this result 
was obtained using a simple custom designed preamplifier. The time spect­
rum of this detector is presented in Figure 3. 

The same measurements were performed with a circular SiAD with dia­
meter 3 mm (area 7 mm2). A PHILIPS Scientific Pulse Preamplifier Model 
6954 (Ku:::::: 20, rrise = 180, bandwidth 2 GHz) was used in these tests. 

Time resolution was obtained to be a = 550 ps (Figure 4a). The time resolu­
tion of the detectors seems to be area-independent (detectors with 25 mm2 

and 7 mm2 areas differ more than 3 times) but it is slightly difficult to 
compare these results because amplifier with different time characteristics 
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Fig.2 The measurement set-up block diagram: 
a) withP-source; b) with LED. 
Q.DC- charge-to_-digit converter; TDC- time-to-digit converter; 
CS - coincidence scheme; Amp. -amplifier; Dlscr. -discriminator 
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Fig.3. Time spectrum of the SxS mm1 detector from 1~u 
P-source. 

8 

• 

b) 



100 

eo 

200 

100 

110 

100~­
vblu •40.0!5V 
o•550pa 

a) 

\ 
I 

1\ 

500 510 

b) 

o~--~~_u~_a~JLJU~~~a_~~m.~~~ 
1111 m m ., -TCC .......... 

FIJ.4. The 3 mm diameter SIAD time apectra: 
a) with 1~u {J-tource; b) with LED (y = 61 0+780 nm) 

were used and the detectors were produced by different enterprises, pro­
duction conditions of which might differ. 

Next test was with light pulses from an LED to study the possibility of 
improving the detector time parameters. The measured time resolution is 
o = 250 ps (Figure 4b). 

The test consisted of exposing the SiAD to LED light pulses with a wave­
length 610+780 nm. The LED was supplied with orthogonal pulse generator 
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(pulse height is 50-100 V, risetime about 100 ps). Strobe signals of the ge­
nerator were used as TDC «start» and the SiAD signals were used as «stop». 
Block diagram of the measurement set-up is shown in Figure 2b. 

3. Work in Progress and Further Plans 

Further theoretical considerations let us to conclude that better results 
may be obtained with modification and optimization of the avalanche detec­
tors for time measurements purpose. Simulation of the detector parameters 
is in progress now to better understand principles of operation of the 
detector and optimize the parameters. We plan to investigate different types 
of the silicon avalanche detectors with negative feedback to obtain the best 
results. One of the possible ways to improve the detector characteristics is 
using more pure silicon substrate with more uniform and smooth surface. 
Also the radiation hardness of them is a subject for studying. 
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IDENTIFICATION OF THE DOUBLY-MAGIC NUCLEUS 100Sn 
IN THE REACTION 112Sn(63 MeV /NUCLEON) + natNi 

M.Lewitowicz, R.Anne, G.Auger, D.Bazin, J.M.Corre, R.Hue, 
M.G.Saint-Laurent 
GANIL, BP 5027, 14021 Caen Cedex, France 

R.Grzywacz, M.Pfutzner, K.Rykaczewski, J.Zylicz 
IFD, Warsaw University, 00681 Warsaw, Poland 

A.Fomichev, S.Lukyanov, Yu. Penionzhkevich, O.Tarasov 
FLNR, JINR, 141980 Dubna, Moscow region, Russia 

V.Borrel, D.Guillemaud-Mueller, A.C.Mueller, F.Pougheon, 0. orlin 
lPN, 91406, Orsay Cedex, France 

C.Borcea 
lAP, Bucharest-Magurele P.O.Box MG6, Roumania 

Z.Janas1
, H.Keller, K.Schmidt 

GSI, Postfach 110552, D-64220, Darmstadt, Germany 

T.DlSrfler, W.D.Schmidt-Ott 
University of Gottingen, 0.3400, Gottingen, Germany 

M.Huyse, J.Szerypo1
, J.Wouters 

IKS KU, B-3001, Leuven, Belgium 
We report on the production of the doubly-magic nucleus H>OSn and other 

proton-rich nuclei in the A = 100 region in the reaction 112Sn + natNi at 
63 MeV/nucleon. The experiment was carried out using the high acceptance 
device SISSI and the Alpha and LISE3 spectrometers at GANIL The 
identification of the reaction products (A, Z and Q) was made using the meas­
urements of time-of-flight, energy-loss and kinetic energy. 

The investigation has been performed by an international collaboration of 
scientists from FLNR, JINR (Dubna), GANJL (Caen), Warsaw University , lPN 
(Orsay) . 

11~eHTHQ>HKa~H2 ~Ba~hl MamqecKoro Mpa 100Sn 
B peaK~HH 112Sn(63 M3B/HyKJioH) + natNi 

M.JieBHTOBHq H ~p. 

IIpe/ICTaBJieHhi pe3yJibTaTbi no nonyqeHHIO IIBaJK/Ibi MarnqecKoro 1111pa 
H>OSn H 11pyrnx npoTOHHo-o6ora~eHHbiX 1111ep s o6naCTH A = 1 00 s pea KLIHH 
112Sn(63 M3B/A + natNi) . 3KcnepHMeHT npoBO/IHJICII C HCDOJib30BaHHeM yc-

10n leave of absence from IFD, Warsaw University, 00681 Warsaw, Poland 

11 



TaHOBKH c BbiCOKHM aKL~emaHCOM SISSI H cneKTpoMeTpoB ALPHA H LISE3 
(GANIL) . H~eHTHcj>HKaL~HII npo~yKTOB peaK~HH no A, Z H Q npoBO~HJiaCb 
nyTeM H3MepeHH!I HX BpeMeHH npoJieTa, OOTepb :meprnH H KHHeTH'IeCKHX 
:meprnA. 

Pa6oTa BbmonHeHa a MeJK~yHapo~HOM coTpy~HH'IeCTBe yqeHbiX H3 <I>JHIP 
mum (,Uy6Ha), rAHRJI (KaH), YHH&epcHTeT (Bapwaaa) , IDI<I> (Opce). 

l . Int roduction 

Studies of N == Z and neighbouring nuclei, especially in the region of a 
double shell closure, are important for the tasting and further development 
of nuclear models [ l ,2 ]. In particular, these studies provide information 
about the interaction between protons and neutrons occupying the same 
shell-model orbits. 

While N = Z nuclides of low mass are mostly stable, the heavier ones lie 

away from the line of beta stability. In the case of 100Sn, the deficit of 
neutrons with respect to the mean atomic mass of the stable tin isotopes is 
about 18 and it is expected [3] to be the heaviest N = Z nuclear stable 
against ground-state proton decay. This stability is related to the doubly-

magic character of 100Sn. It may be noted that for.heavier N = Z nuclei the 

condition of double shell closure is not sufficient to ensure stability: 164Pb 
presumably lies well beyond the proton drip line. Mapping the proton-drip 

line in the neighbourhood of 100Sn may also be of great importance in an 
astrophysical context as the properties of the proton-rich nuclei dictate the 
pathway of the rapid proton capture process in hot, dense stellar 
environments [ 4 ]. 

Beta decay in the 100Sn region can be described in a very simple shell­
model picture. It is strongly dominated by one channel, the 1eg912 -+ vg112 

Gamow-Teller <GT> transition, and thus the observation of fast beta decays 
can lead to the unambiguous identification of the parent and daughter 
nuclear states. A meaningful verification of model predictions can be 
performed as, due to the high QEC values, the beta decay strength can be 

determined over a large energy range [5 ]. This had been a motivation for a 
series of experiments using on-line mass separators at GSI Darmstadt, LLN 
IKS Leuven and CERN/ISOLDE Geneva [1 ]. 

The nuclei 100In (T112 = 5± l s) and 101Sn are the closest ones to 

100Sn discovered so far using a fusion-evaporation reaction 

(58Ni(5 MeV /nucleon)+ 5°Cr) and the on-line mass-separation technique 
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[6,7 ]. These nuclei were identified via the measurement of beta-delayed 
protons, a decay mode which becomes energetically possible in this region 
due to the high QEC. However, any attempt to produce and identify in the 

same way 100Sn is most probably hopeless. Indeed, for 101Sn approximately 
one proton was observed per hour, for the proton branching ratio that is 
predicted to be larger than 10%. The production rate and the proton 

branching ratio in the case of 100Sn are expected to be at lea~t one and 
several orders of magnitude lower respectively. Obviously other production 
methods and identification techniques have to be used to reach and study 
100Sn [8 ]. The expected increase of the production yields is mainly due to 

the use of 112Sn as a projectile. This rare primary beam is developed at 
GANIL in a close and already very fruitful collaboration with the 
Laboratory of Nuclear Reactions, JINR at Dubna. 

Recently, in April 1994, 100Sn was identified in projectile-ffagment 
separator based experiments. In this letter we report on the work performed 

at GANIL using a 63 MeV/nucleon 112Sn beam [9,1"0]. The experiment 

carried out at GSI with a 1.1 GeV /nucleon 124Xe beam is described in 
ref. [11 ]. 

To produce and identify 100Sn at GANIL a fragmentation-like reaction 
was employed in conjunction with the new SISSI device [ 12 J and the 
magnetic spectrometers Alpha [ 13] and LISE3 [ 14 ] which provided for the 
collection, separation and in-flight identification of the differen t reaction 
products. In order to enhance the production of neutron-deficient isotopes a 

beam of the lightest, stable tin isotop,e, 112Sn, and a natural Ni target 

(68.3% 58Ni) were used. In an earlier experiment [9], we had alre,ady 

observed the neutron deficient tin isotopes down to 101Sn, including the pre­

viously unknown 102Sn. In addition, new isotopes of rhodium <92Rh, 93Rh) 

and palladium (93Pd) were clearly observed and evidence for the p eduction 

of even lighter isotopes of these elements, such as 91Rh, ~h, 8~h and 
92Pd, was also obtained (identification of these neutron-deficient rhodium 
and palladium isotopes has been very recently reported by a group working 
at MSU [15]). The present experiment, performed with a sub 'tantially 
enhanced experimental arrangement provided a confirmation of these 

results and the discovery of several new nuclides, including 100Sn. Here we 

present the evidence for 100Sn while the entire data set (e.g. the evidence for 
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105Sb and the new isotope 104Sb) will be the subject of a forthcoming publi­
cation. 

2. Iden tification of 100Snand Neighbouring Nuclei 

The experimental set-up for the identification of 100Sn and 
neighbouring nuclei is shown in figure 1. The production target was located 
between the two superconducting solenoids of SISSI. Thus, in comparison 
with the previous experiment [9] the angular acceptance for the reaction 
products was increased by an order of magnitude and the flight-path (118m 
in the present experiment) increased by almost a factor of 3. The 
momentum analysis was performed using the Alpha spectrometer 
(Bp = 1.876 Tm) with an acceptance !1p/p = ±0.29%. 

To reduce the rate of the light, fully stripped fragments arriving at the 
final focus of LISE3 with A/Z:::::::: 2, a thin mylar foil (l.S.um> was placed at 

Alpha 

Wien filter 

~ 
0 tOm t 

Sltelesc:opt+ 

LISE3 4nBGOring 

Fig.l. Schematic diagram of the experimental facilities at GANIL used to produce and 
identify 100Sn 
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the intermediate focal plane (see figure 1). The function of this foil was to 
change the charge state distributions of the heavy fragments without 

modifying the velocities. For example, 100Sn +48 was converted into a 

mixture of 100Sn +49, 100Sn +48 and 100Sn +47 (the charge state Q = +48 was 
the most strongly populated after the target and stripping foil for the tin 
isotopes). Light fragments, however, remained fully stripped. 
Consequently, by employing an acceptance range in the second section of 
LISE3 from 1.013xBp to 1.063xBp, the transmission of fully stripped ions 
was strongly suppressed and that of the nuclei in the region of interest was 
favoured. The number of unwanted particles was further reduc d using the 
velocity filter located at the end of LISE3. 

Fragments arriving at the final focus of LISE3 were st pped in a 
telescope consisting of four silicon detectors: El (300,um), E2 (300,um), 
E3(300,um) and E4(500,um). Since ions in the mass region of interest were 
stopped in the E2 detector, the £1 detector provided information on the 
energy-loss (!!.E), while the £1 and E2 detectors combined served to 
determine the total kinetic energy (TKE). The £3 and £4 detectors were 
used in veto to reject events corresponding to lighter ions. The time~of-flight 

<TOF) was measured using a start signal provided by the first Si detector 
(El) and a stop signal derived from the radio-frequency of the second 
cyclotron. Finally, a segmented BGO ring [16] surrounding the 
implantation telescope was used for the detection of prompt gamma-rays in 
order to reject events corresponding to reactions in the detectors . 

The Ni target (144 mg/cm2) was mounted such that the angle with 
respect to the beam axis could be changed from oo to 45°. Angles between 

36° and 45° were used to allow the transmission of 112Sn ions with 
Q = +46 to +50 to the Si detector telescope in order to provide calibrations 
for the energy-loss, total kinetic energy and time-of-flight meas rements. It 
should be noted that the magnetic rigidity of the beam line from the 
production target to the stripping foil remained fixed during the whole 
experiment at 1.876 Tm. This corresponded to the maximum calculated 

production rate for 100Sn +48 ions. 
The transmission of the beam line from the exit of the Alpha 

spectrometer to the final focus of LISE3 was measured using movable 
300 ,urn Si detectors located at the exit of the Alpha spectrometer, at the 
entrance to and at the intermediate focal plane of LISE3 and using the Si 
detector telescope. A transmission of nearly 100% was found. 

The resolution (FWHM) of the TOF measurement was about 1 ns, while 
the TOF ranged from 1.4 to 1.5 ,us. The atomic number of the fragments (Z) 
was calculated using the I:!..E measured with £1 detector and absolute Z 
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identification was obtained from the charge states of 112Sn primary beam 
[9 ]. Another unambiguous assignment of the Z was obtained from the direct 
identification of the light ions in the liE versus TOF spectrum. In figures 2a 
and b the mass to charge ratio, A/ Q, determined from the Bp and measured 
TOF is displayed versus Z for the nuclei in the region of interest. 

It is possible to calculate for a group of events selected on the basis of the 
Z and A/ Q (figure 2), the masses of the individual ions from the measured 

TKE and TOF [9 ]. The resulting mass distributions for 104Sn +50, 

102sn +49, toosn +48 and 105sn +50, 103sn +49, lOlsn +48 are given in figures 

2c and d respectively. Eleven events corresponding to 100sn+48 were 
observed over a period of 44 hours1a primary beam intensity of - 2.4 pnA. 
The relative yields of the different isotopes of tin shown in figure 2 do not 
reflect the corresponding production cross-sections as they are affected by 
the distribution of the products ovet: the different charge states as well as the 
different transmission efficiencies. 

The number of events observed may be used to obtained a lower limit 
for the production cross-section by taking into accgunt the estimated 
transmission efficiency (-5%) and the charge state distribution measured 

for the 112Sn beam after the Ni target. For 1 00Sn this leads to a 2: 120 pb. 
At present, the time correlations for 511-511 keY gamma-ray pa.irs 

recorded in opposite segments of the BGO ring, in coincidence with heavy 
fragments implanted in the telescope, have not been analyzed. However, the 
production rates are promising for future half-life and mass measurements. 

3. Summary 

For the first time nuclei near and at the proton drip-line in the region of 

the doubly-magic nucleus 100Sn have been produced with relatively high 

rates- about 5 per day for 100Sn. This result confirms that medium energy 
fragmentation-like reactions combined with projectile-fragment separation 
techniques presently offer the most efficient method for the production of 
very neutron-deficient nuclei up to A :::::: 100. 

As a much higher intensity primary beam and a larger momentum 
acceptance for the Alpha spectrometer are available; an increase in the 

production rate of 100Sn by at least a factor of 5 seems ff'..asible. 
The authors wish to acknowledge the efforts of the cyclotron staff and 

technical support of GANIL. We also thank Nigel Orr for assistance in the 
preparation of the manuscript. 
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MULTIMODAL FISSION OF NEUTRON-DEFICIENT 
NUCLIDES OF Th AND Ac 

M.G.Itkis, Yu.Ts.Oganessian, G.Chubarian, V.V.Pashkevich1
, 

V.S.Salamatin, A.Ya.Rusanov2
, V.N.Okolovich2

, G.N.Smirenkin2 

Investigations of low-energy fission in reactions 204•208Pb and 203Tl + 160 
have been performed with the help of the double-arm time-of-flight fragment 
spectrometer on the U-400 cyclotron beam, FLNR, JINR. The goal is to obtain 
experimental information on multimodal structure of mass-energy fragment 
distributions in the field of A fissionable nuclei earlier unstudied. For the first 
time, with such purpose heavy ion- induced reactions have been used. In 
connection with the experimental data obtained the influence of nucleon uclei 
composition on principal fission modes - symmetric and asymmetric ones 
(Y, /Ya)- are discussed. • • 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 

MyJibTHMOAaJibHOe AeJieHue Heii:TpoHoAe<t>uu;uTHbiX 

HYKJIHAOB Th u Ac 

M.f.HTKHC HAP· 

Ha nyqKe ~HKJIOTpoua Y -400 .IDIP HM.r .H .CI>nepo8a (OIUIH> c noM ~biO 
A8YXDJieqe80l'O BpeMliDpoJieTHOl'O cneKTpoMeTpa OCKOJIKOB npoBeAeHbl HCCJie­
AOB8HHll HH3KO:mepreTH1{eCKOl'O AeJieHHll B peaK~HliX 204•208Pb H 203TI + 160 
c ~eJibiO nonyqeHHll 3KCnepHMeHT8JibHOi1 HH<!><>pMa~HH o MYJibTHMOA8JihHOM 
CTpoeHHH MaCC080-3HepreTH1{eCKHX pacnpeAeJieHHH OCKOJIKOB 8 HeH3yqeHHOH 
pauee o6naCTH A AeJili~HXCll liAep. Bnep8ble c TaKoi1 ~enbiO HCnOJib30B8Hbl 
peaK~HH C TlllKeJibiMH HOHaMH. B C8li3H C DOJiyqeHHbiMH 3KCnepHMe T8Jib­
HbiMH AaHHbiMH 00cYlKAaeTCll BJIHliHHe HYKJIOHHO!'O COCTa8a liAep Ha COOTHO­
IlleHHe OCHOBHbiX MOA AeJieHHll - CHMMeTpH1{H0H H aCHMMeTpH1{110H. 

Pa6oTa BbiDOJIHeHa 8 Jla6op8TOpHH liAepHbiX peaK~HH HM.r.H.CI>ncpoua, 
OIUIH. 

1JINR, Dubna and CENBG, Bordeaux, France 
2Institute of Nuclear Physics, Alma-Ata, Kazakhstan 
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One of the important results obtained in the fission physics during the 
last several years is the experimental discovery of multimodal structure of 
fragment mass and energy distributions of low energy fission nuclei in the 
region of Pb [ l ] and of the spontaneous fission of nuclei in the vicinity of Fm 
[2] as well as the establishing of the genetic relation of this phenomenon 
with structural (shell) peculiarities of the deformation potential energy sur­
face of a nucleus fissioning along the mass asymmetric coordinate [3 ]. 

The unstudied earlier region of transient nuclei between At and Th 
seems to be rather promising for further investigation of the formation me­
chanisms of mass, energy and charge distributions of fragments in general 
and of the multimodal fission in particular. Just in this region one can expect 
a sharp change in the properties of mass, energy and charge distributions of 
fission fragments depending on the nucleon composition and excitation 
energy, i.e., the transition from symmetric to asymmetric fission and rela­
ted changes in the barrier heights ratio of mass-symmetric and mass-asym­
metric fission modes, the length and duration of nucleus motion from the 
saddle point to the scission point. That is why the experimental data on the 
character and scale of these changes should be critical for testing the theore­
tical description of dynamic and static aspects of the fission process. 

Unfortunately, the advance into the indicated region of nuclei is 
hampered by a serious experimental problem caused first of all by the 
absence of stable nuclides with Z = 84-87 which could be used as target 
nuclei in reactions with light charged particles and neutrons that are 
traditionally used for the investigation of the fission process at low energies 
E •:s 20"-30 MeV. . 

The present study attempts to apply for the discussed purpose reactions 
with heavy ions. Their research object is usually very neutron deficient 
nuclides. The main difficulty in the realization of the given possibility is 
related with the production of nuclei with an excitation energy 

E • :s 20-30 MeV which corresponds to the energy of ions near and below 
the Coulomb barrier Ei s B c and consequently with a rapid decrease of the 

. . 
fission cross section at decreasing Ei (when decreasing E , one achieves a 

better separation of fission modes, which is especially important when one 
of them dominates, as is expected in our case). According to the idea, on 
which the cold synthesis [ 4] method is based, the smallest excitation energy 
on account of the Q-reaction is achieved in the case of using as a target the 

double magic nuclei near 208Pb and ions of 12c, 160. 
In this connection we have chosen for the first experiments the reaction 

208Pb(16o, /) for which the fission cross sections, distribution of 224Th 
compound nuclei angular momenta and spectra of pre- and post-neutrons 
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[5,6] are already known. The two other selected reactions, 204Pb(16o, /) 
and 203Tl(160, f) lead to the formation and fission of compound nuclei 
220Th and 219 Ac and along with that satisfy the criterion of minimum 
excitation energy. 

Note that at present the GSI realized another opportunity of studying 
the low-energy fission of transient nuclei and the use of relativistic 

secondary beams of radioactive nuclei of the 222Th, 225Th type and of their 
fission in the process of electromagnetic dissociation on an active target [7 ]. 

In this research, measurements were performed with a two arm time­
of-flight spectrometer of fragments «DEMAS-2• on the extracted ion beam 
of the U-400 cyclotron of FLNR, JINR. The spectrometer consists of two 
wide-aperture position sensitive avalanche counters providing the 
registration of fragments within the solid angle of about 0.2 steradian for 
each arm and of start-up parallel-plate avalanche counters [8 ]. 

Masses and energies of fragments were deduced from a set of 
experimentally measured values T1,2 of the time-of-flight and X1,2-, Y1,2 

coordinates of reaction products entry illto the detector. The two-body 
processes in this case were selected on the condition e 1 + '92 = 180"±3", 

where a 1 •2 are the divergence angles in the center of mass system. 

The spectrometer was calibrated by means of a thin source of 

spontaneous fission fragments of 252Cf and provided the time resolution of 
about 200 pico sec. and the mass resolution ~M/ Me 2% (the peak/valley 

ratio in the mass distribution of 252Cf e 25>. In these experiments there 

were used targets of enriched isotopes of 204Pb, 208Pb and 203Te with a 

thickness of !i!l 150-200 pg/cm2 sputtered on a substrate of Al20
3 

with a 

thickness of 30-50pg/cm2
. The beam intensity and its energy spread were 

e 1)(10" pps and 0.5%, respectively. 
The data on the energy characteristics of reactions investigated and on 

experimental values of the first momenta of fragments mass and energy 
distributions are presented in the Table, where E1 - the ion energy in the 

laboratory system of coordinates, E • - the excitation energy of the 

complex compound nucleus, Es~ - the excitation energy of the fissioning 

nucleus in the saddle point, ( 12
) - the mean square of the transferred 

angular momentum [9 ]. EK- the average kinetic energy of fragments, c{ 
and o;,- the fragments energy and mass dispersions. Note that the large 
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Table 

Reaction Comp. Ei, E• E E• ( (1.), (Ek), <{. ~. ' M{v 
•11' 

nucleus MeV MeV MeV h2 MeV MeV2 (amu) 2 

160 + 208P b 224Th 85 32,4 7,2 25,2 320 164,3±1,0 122±6 185±8 
77 25,9 18,7 170 164,8±1,8 101±9 172±10 

160 + 204P b 220Th 85 43,3 8,8 25,5 163,3± 1,0 131±7 172±7 
77 27,8 19,0 163,7±2,2 107±11 157±13 

160 + 203T1 219Ac 85 36,7 10,0 26,7 162,0±0,9 127±5 164±6 

ion energy lies near the Coulomb barrier and the small one - by several 
MeV lower. Thus in the second case the fission cross section was 30-40 
times smaller which determined the difference in the number of registered 

events (2- 3)xl04 for E.= 85 MeV and (2-4)xl03 for E.= 78 MeV. Note 
I I 

also that at barrier energies (Ei < B1us> a compound nucleus is produced 

with ( 12) values typical for reactions with light charged particles which, at 

the above indicated energies E •, occur higher the Coulomb barrier. This is 
of course a favourable circumstance for the comparative analysis of 
experimental data on low-energy fissio.n. 

Figures 1 and 2 present the results of measurements as complete mass 
distributions Y(M), symmetrized with respect toM= A/2 and normalized 
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Fig. I Fragment mass and energy distributions for 224Th 
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to 200%, and average kinetic energies of paired fragments E i A"-1) with 

masses M and A-M for 224Th and 220Th. 

The curves in figs.1 and 2 present the results of the three-component 
analysis (according to the number of main fission modes, see above), 
presuming the Gaussian shape of partial distributions Y.(M). The indexes i 

I 

denote: i = s - mass-symmetric fission mode with an average mass of 
fragment 1J = A/2, i = a0 and a1 - mass-asymmetric fission modes with 
X? a()= 139 and X?al = 132, respectively. 

Figure 3 presents exclusive yields of heavy fragments for the mass 

asymmetric nucleus of 224Th: the broken curves show the components 
Y a<>(M) and Yal (M) taken separately, the solid ones - the sum 

Ya(M) = Y a<>(M) + Yal (M), experimental points present the difference be­

tween the observed total yields and the curves describing the symmetric 
mode distribution. The yield of Ya(M) increases noticeably with the cooling 

of the fissioning nucleus. The mass symmetric mode is dominating in the 
case of lighter nuclei. In full correspondence with subsequent outcome for 
the dependence of the Yi(M) spectrum on the excitation energy and the 

nucleon content of fissioning nuclei, there changes the height of the Ek(M) 

maximum in the part of figs. I ,2, the apparition of which is explained by the 
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Fig.3. The yield of asymmetric 
modes Y01 and Y aO for 224Th 

ratio for separate fission 
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Fig.4. The ratio ~mmetric and asymmetric componen11 as function mass number A. The 
data for 119Th, <Th, 233Th from Refs. 10, 11, 12 
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The statistical accuracy of the performed measurements , especially for 

the lower and more interesting energy (E • == 19 MeV), is not suffi cient for 
sp 

the deduction of numerous parameters, determining the yields Y .(M) and 
l 

the exact characteristics of separate modes, first of all the average energies 

of fragments £1 . 
Nevertheless, even at this initial stage of investigations a rather 

favourable situation for the discussion of two interesting observa bles has 

built up. The first one is dependence of Y 1 I Y 1 on the number of neutrons N a s 
in the chain of Th isotopes . It turns out that for the reactions 
3Hc + 226Ra -+ 

229Th (I 0 1 4He + 226Ra -+ 
230Th and [I 0, ll I there arc 

experimental data on the mass distributions of fission fragment at close 

excitation energies E •. The totality of data on the ratio Y 1 I Y 1 deduced 
sp a s 

from the results of [ 10, II I and of this work is presented in ftg.4. The 
significance of the scale of changes of 
Y(M) , corresponding to the values of 

Y 1 I Y 1 is explicitly demonstrated by a s 

means of upper part of Fig.4 which 
presents the mass distributions 
themselves for a lower average energy 

E• == 19 MeV . The picture becomes 
sp 

still more impressive in case the things 
shown in Fig.4 arc extrapolated to 
A = 232-233. It follows from the 
experimental data on the fission of 
232Th by y-quanta and neutrons [ 121 
that in the corresponding to their mass 
distributions there will be observed a 
substantial domination of the 
asymmetric component and they will 
have a dihumped shape which is 
traditional for the low energy fission of 
actinides. 

The second most important factor 
determining the modal structure of the 
mass and energy distribution of the 
fragments is the experimental data 
about the kinetic energy spectrum of 
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Fig.6. The calculations of 
deformation energy 224Th 
as function of the distance 
between fragments 

the fragments at different mass division, i.e., MN /ML. The presence in 

such spectra of several precisely defined groups of fragments with different 
kinetic energies for specific M T I M L ratios (e.g., two groups in the Fm range 

and three groups in the Pb range) proves this new concept in fission physics. 

In our case we have also analysed the kinetic energy spectra of 224Th fission 
fragments having different mass, shown in Fig.S. The diagram 
demonstrates that despite the rather modest statistics we can observe in the 
Ek(M) spectrum all the main regularities occurring in the Pb-Fm range, i.e., 

three groups of fragments corresponding to the three different 
configurations of fissile nuclei at the scission point - one elongated 
(symmetrical fission) and two more compact configurations, determined by 
higher kinetic energy values of the fragments. This previous result certainly 
requires further investigation and more statistics. 

In this respect, the work performed by us within the micro-macro 
approach [3] to the calculation of the deformation energy is of great interest 

and also predicts possible existence of 3 division modes of the 224Th 
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Fig.7 

nucleus. Figures 6 and 7 show the results of these calculations as a depend­

ence of the deformation energy on the distance between the fragment 

centres during the process of the nucleus movement from the ground state to 

the scission point and as different configurations of the fissile nucleus at the 

moment of rapture corresponding to different fission modes. The obtained 

kinetic energy Ef values for different fission modes of 224Th on the whole 

correctly reflect theE:< EkaO < Et ratio observed in the experiment. 
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Concl usion 

Mass and energy distributions of low-energy fission fragment 

(E • 5! 20- 30 MeV) in the reactions 204•208Pb and 203Te + 160 leading to 

the compound nuclei 220Th, 224Th and 219 Ac are investigated. 
As shown by the experiment, fragment mass and energy distributions 

for the studied nuclei have a clearly defined multimodal structure 
completely fitting the theoretical predictions given in the work for this nuclei 
range. 

Analysis of the experimental results obtained in these measurements 
has led to the revelati~n of a new regularity, namely, the fact that the ratio 
of yields from the mass-symmetric and mass-asymmetric modes of fission 

changes by about two orders of magnitude in going from 230Th to 220Th. 
This result indicates that (by varying only the number of neutrons in a 
fissioning nucleus, say, in Th (or Ac, Ra, Fr) we can investigate all possible 
transformations of the fission fragment mass and energy distributions, from 
the mass-symmetric ones typical for nuclei lighter than lead, and the three­
humped ones observed in the case of Ra, and Ac, to the traditional mass­
asymmetric distributions which characterise the actinide region. In addition 
this makes it possible to establish a quantitative relationship between these 
transformations and the structural features of the potential energy of 
surfaces and the dynamics of collective motion. 

One of us (V.V.Pashkevich) thanks IN2P3 for grant that made possible 
his stay in Bordeaux. · 
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HHKJII03 HBHbiE 3HEPrETlfqECKHE CIIEKTPbl 
JIErKHX 3APSDKEHHbiX qACTHIJ. (p, d, t, 4He) 
B CIIOHTAHHOM ,l];EJIEHHH 248cm 
l1.B.Ky3Heu.oa, M.IT.l1aaHOB, B.<I>.KyiiiHHpyK, 

IO.r.Co6oJieB, r.B.ByKJiaHOB 

C nOMOll\biO nonynpOBOAH11KOBOI'O (dE-E)-TeneCKOna 113MepeHbl 11HKfli0-
311BHble :mepreTI1'IeCKI1e cneKTpbl 4aCTI1L\ (p, d, f, 4He) B CnOHTaHHOM Aene­
HI111 248 Cm. Ha116onee oepOSITHble :mepr1111 11 ump11Hbl :mepreTI14eCKI1X pac­
npeAeneHI1i1, 8 npeAenax 3KcnepHMeHTanbHbiX ow116oK, C08naAaiOT c 11MeiO­
ll\ei1cSI C080KynHOCTbiO AaHHbiX AflSI W11p0KOI'O Kpyra S!Aep, 11Cnb1Tb1Bal0ll\11X 
HI13K03HepreTI14eCKOe AeneHI1e. l13MepeHHaSI OTHOCI1TeflbHaSI oepOSITHOCTb 
3MI1CCI111 Afli1HHOnpo6e>KHbiX a-4aCTI1L\ COrnacyeTCSI C Ha6niOAaeMOH 3a811CI1-

MOCTbiO 8epOSITHOCTI1 Tpoi1Horo cnOHTaHHOro AeneHI1SI OT napaMeTpa Z 2 I A Ae­
flSill\ei'OCSI S!Apa AflSI HyKn11A08 c Z ~ 96. B cneKTpe npoTOH08 Ha6niOAaeTCSI 

HI13KO:mepreTI14eCKaSI KOMnOHeHTa Ep :5 4 M3B, KOTOpaSI He MO>KeT 6b1Tb o61,-

SICHeHa BKflaAOM TOflbKO OT <f>OHOBbiX peaKL(11H (n,p) 11 (a, p). 
Pa6oTa 8blnonHeHa 8 Jia6opaTOp11H S!AepHbiX peaKul1i1 HM.f.H.<I>nepooa 

mum. 

The Inclusive Energy Spectra of Light Charged 

Par ticles (p, r1, t, 4
He) from Spontaneous Fission of 

248
Cm 

I.V.Kuznetzov et al. 

A semiconductor dE-E telescope was used to measure the inclusive energy 
spectra of light p, d, t, 4He particles from spontaneous fission of 248 Cm. The most 
probable energies and the widths of the energy distributions of particles within 
the limits of experimental errors are consistent with available data for a wide 
range of nuclei undergoing low fission processes. The measured rei a tive prob­
abili ty of the long range a-particle emission is consistent with the observed de­

pendence of the ternary spontaneous fission probability on the parameter Z 2 I A 
of the fissioning nucleus for the nuclides with Z ~ 96. The proton energy spectra 

have a low-energy component with EP :5 4 MeV which cannot be explained as a 

contribution of the background (n, p) and (a, p) reactions. 

T he investigation has been performed at the flerov Laboratory of Nuclear 
Reactions, JINR. 

0THOCHTeJibHO pe)J.Kl1e MO)J.bl HI13K03HepreTHqecKOI'O l1JIH CnOHTaHHOI'O 

)J.eJieHHSI TSI)l(eJibiX SI)J.ep, B KOTOpbiX HCnyCKaiOTCSI JierKHe 3apSI)l(eHHbie qac­

Tl1I.I,bl, SIBJISIIOTCSI npe)J.MeTOM l1HTeHCl1BHOI'O 3KCIIepHMeHTaJibHOI'O H TeOpe-
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TH'IeCKOI'O HCCJie~OBaHHSI C MOMeHTa HX OTKphiTHSI, nOCKOJlbKY npe~CTaBJISI­

IOT 3Ha'IHTeJibHhiH HHTepec KaK ~JISI npou,ecca ~eJiellHSI, TaK H ~JISI TeopHH 

MepHOH MaTepHH B I.J,eJIOM. 

Cae~eHHSI o pe3yJibTaTax 3KcnepuMeHTaJibHhiX u TeopeTH 'IeCKHX uc­

CJie~oaaHHH a 3TOH o6JiaCTH MOX<HO HaRTH a o63opHhiX pa6oTax [ 1-5 ]. 

K HaCTOSIII.J,eMy apeMeHH yCTaHOBJieHo, 'ITO 3HepreTH'IeCKHe cneKTphl 

Jiei'KHX 3apSIX<eHHhiX 'laCTHI.J, (3a HCKJIIO'IeHHeM npoTOHOB) XOpomo annpoK­

CHMHpyiOTCSI rayCCHaHaMH, HaHOOJiee aepoSITHhle 3HepmH H m HpHHhl 3Hep­

I'eTH'IeCKHX pacnpe~eJieHHH 'laCTHI.J, CJiaOO 3aBHCSIT OT napaMeTpa ~eJIHMO-

CTH Z 2 I A a mupoKOM ~uana3oHe 3apMOBhlx u Maccoahlx 'IHCeJI Z H A ~eJISI­
II.J,HXCSI Mep. C HaHOOJibmeii aepOJITHOCTbiO 3apSIX<eHHhle 11aCTHI.J,hl 

BhiJleTaiOT nO'ITH nepne~HKYJISipHO K OCH pa3JieTa OCKOJIKOB ~eJieHHSI . B 

3KCnepHMeHTaX Ha6JIIO~aeTCSI nOBhiiDeHHaSI BepoSITHOCTb ( 5!! 25% ) TpoHH0-

1'0 CnOHTaHHOI'O ~eJieHHSI no CpaBHeHHIO C TpoHHhiM ~eJieHHeM no~ ~eHCTBH­

eM HeiiTpoHOB HJIH y-KBaHTOB. Cyii.J,eCTBYIOII.J,He TeopeTH'IecKue Mo~eJiu uc­

nhiThiBaiOT TPY~HOCTH npu nonhiTKax OObSICHHTb noablmeHH YIO aepoSIT­

HOCTb TpoHHOI'O CnOHTaHHOI'O ~eJieHHSI. B CBSI3H C 3THM npe~CTaBJISieT 

HHTepec pacmupeHHe Kpyra Mep, HCnhiThiBaiOII.J,HX TpoHHOe CnOHTaHHOe 

~eJieHHe, C I.J,eJibiO H3y'leHHSI 3aBHCHMOCTH npou,ecca· 3MHCCHH 3ap"sJ:X<eHHhiX 

11acTHU. oT Macchi u 3apMa ~eJISIII.J,HXCSI Mep. B ~aHHOH pa6oTe a nepahle H3-

MepeHhl HHKJII03HBHhle 3HepreTH'IeCKHe cneKTphl Jiei'KHX 3arSI)KeHHhiX 'laC­

THI.J, (p, d, t, a), COnpoBO~aiOII.J,HX CnOHTaHHOe ~eJieHHe 24 
C m , H OTHOCH­

TeJibHaSI BepoSITHOCTb TpoHHOI'O CnOHTaHHOI'O ~eJieHHSI 3TOI'O HYKJI~a. 

Jil~eHTH<tJHKai.J,HSI H H3MepeHHe 3HepmH 3apSIX<eHHbiX 'laCTHI.J, npOBO~H­

JIHCb C nOMOII.J,biO (flE-E)-TeJieCKOna, COCTOSIII.J,ero H3 TOHKOI'O KpeMHHeBOI'O 

noaepxHOCTHo-6apbepHoro M-~eTeKTopa (30 HJIH 500 MKM) u TOJICToro 

(4 MM) Si(U)E-~eTeKTOpa. 06oraii.J,eHHhiH HCTO'IHHK 
248

Cm (96%) HHTeH-

CHBHOCTbiO Y 5!! 2 · 103 ~eJI./ C., HaHeceHHhiH Ha TOHKYIO THTa HOBYIO no~­
JIOX<KY, pa3Meii.J,aJICSI Ha paCCTOSIHHH 7 MM OT TeJieCKOna, 3aKphiTOI'O TaHTa­

JIOBOH <tJoJibi'OH TOJIII.J,HHOH 19 MI'/ CM
2

, ~OCTaTO'IHOH ~JISI nOI'JIOII.J,eHHSI a-qa­

CTHI.J, eCTecTBeHHoro a-pacna~a H30Tonoa Cm. 3JieKTpoHHaSI c u CTeMa c6opa 

uH<PopMau,uu npe~CTaaJieHa Ha puc.1 a. Pa3pemeHue Ha 3anucb co6hiTHSI no­

CTynaJio OT 6JioKa BAll B CJiy11ae coanMeHHH JIOm'leCKHX cu rnaJIOB ape­

MeHHhiX OTMeTOK dE- H E-TpaKTOB B ~Hana30He 0,5 MKC. 

llOCJie~yiOII.J,HH «Off-line» aHaJIH3 npoH3BO~HJICSI npH yCJIOBHH COBna~e­
HHH ~aHHhiX BpeMeHHhiX CHI'HaJIOB B HHTepBaJie /1 t 5!! 30 HC. 3 HepreTH'Ie­

CKHe CneKTphl 'laCTHI.J, nOJIY'IaJIHCb nyTeM CYMMHpoBaHHSI OU,H<tJpoaaHHhiX 

curnaJioa OT dE- u E-~eTeKTopoa a coOTBeTCTBYIOII.J,Hx o6JiaCTstx a ~ayMep­

HOH <<dE-E-MaTpuu,e>> (cM. puc.16) c y11eTOM 3HepreTH'IeCKHX noTepb qac­

THU. B nOI'JIOTHTeJibHhiX <tJoJibi'aX. 
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P 11c.l. a) 6JJOK-CXCMa 3JJCKTpDIIIIOH CI1CTCMbl c6opa H11<f>opMa­

L(I111, 6) <d£- £)-MaTpHita 'laCTHI( p, d, t, 411e 

Ha pHc.2 npHBCACHbi cncKTpb14aCTHU.p, d, t, 4
Hc, HJMCpCHHbiC s OAHOH 

3KCn03HU.HH . rnaAKOH KPHBOH npHBCACHbl peJyJibTaTbl x2 
-annpoKCHMaU.HH 

cneKTpos rayccHaHaMH. HJ pHc.2 BHAHO, 'ITO 3KcnepHMCHTaJibHbiC cneKTpbl 

d-, t-, 4
He-4 aCTHU. xoporno OnHCbiBaiOTCSI pacnpeAeJICHHCM faycca, a CnCKTp 

npoTOHOB HM CCT CJIOX<HYIO CTPYKTYPY. TioAo6HaSI <t>opMa cncKTpa npoTOHOB 

Ha6JIJOAaJiac b TaKX<C s cnoHTaHHOM ACJICHHH 
252Cf [6, 7). HH3KO:JHeprcTH-

4CCKaSI KOMllOHCHTa CnCKTpa npOTOHOB B yKaJaHHbiX pa6oTaX 6biJia OTHCCC­

Ha K <t>oHOBbiM (n,p)- H (a, p)-peaKU.HSIM Ha npHMCCSIX MaTCpHaJia norJIOTH­

TCJICH, HCT0 4HHKa H ACTCKTopos. 0AHaKo s pa6oTe [8 I BbiXOA HH3K03Hepre­

TH4CCKHX n pOTOHOB B CllOHTaHHOM ACJICHHH 
252Cf aBTOpbl HC CMOrJIH 

06"hSICHHTb Ja C4CT <t>oHOBbiX peaKU.HH. JHCprent4CCKHH CnCKTp npoTOHOB B 

o6nacTH 3HeprnH: EP 2:: 4 M3B HaMH, TaK ::>~<e, KaK H asTopaMH pa6oT [6,7), 

32 



40
00

 
~ 

30
00

 

20
00

 

10
00

 0 

} ..
 _ 

) 
I 0 

5 
10

 

w
 

w
 

12
00

 

80
0 

40
0 

0 
5 

10
 

a 

15
 

20
 

E
p

 [
M

3B
] 

B
 

1
2
0
r
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
 

10
0 

6 

}r
¥~

 
8

0
 

60
 

4
0

 

I 
~J
I 

/ 
··~
~
 

/ 
01

--
_.

...
 

20
 0 

5 
10

 

no
oo

 
~
~
 .. 

... 
~
 

80
00

 
~
 

40
00

 

0 

"!
 .. ~
 .. ... 

15
 

20
 

E
d

 [M
a

B
] 

r 

.....
.....

.....
....

 -
15

 
20

 
2

5
 

0 
~ 

10
 .

 
1-'

~ 
20

 
E

t 
[M

sB
] 

~ 
25

 
30

 
J!5

 
40

 

E
a

 [ 
M

:l
B

] 
P

H
c.

2.
 3

H
ep

re
nt

qe
cJ

C
H

e 
cn

eJ
C

Tp
w

 q
aC

TH
u 

p
, d

, t
, 

4 H
e

 



<t>HTHpoBaJICll rayCCHaHOM H 6hiJI OTHCCCH K llpoTOHaM, CBll3aHHhiMH C TpoH­

HhiM ~eJICHHCM. 

B Ta6JIHU.e npuse~eHhl noJiy'leHHhle H3 H3MepeHHhiX cneKTpoB HaH6o­

Jiee BCpoliTHhiC 3HepmH, mHpHHhl 3HCpreTH'ICCKHX pacnpe~eJICHHH H OTHO­

CHTeJibHhiC 3 KCTpanOJIHpoBaHHhiC BhiXO~hl JICI'KHX 3apll:lKCHhiX 'laCTHU, B 

CpaBHCHHH C H3BCCTHhiMH xapaKTCpHCTHKaMH 'laCTHU,, COnpoBO~aiOID;HX 

CllOHTaHHOe ~eJICHHC 252Cf. 113 Ta6JIHU,hl B~HO, 'ITO napaMeTphl, OllHChiBa­

IOID;HC 3HepreTH'ICCKHC xapaKTepHCTHKH 'laCTHU, ~Jill ~eJICHHll 248Cm H 
252Cf, a npe~e.nax 3KcnepHMCHTaJI&Hhlx omu6oK, cosnMaiOT. Ha ocHosa­

HHH 3TOro Ha6JIIO~CHHll MO:li<HO npe~nOJIO:lKHTb, 'ITO TpoHHOC CllOHTaHHOe 

~eJICHHC 248Cm xapaKTCpH3yeTCll TCMH :li<C 3aKOHOMCpHOCTliMH, KOTOphle 

npHCYID;H TP<lHHOMY CllOHTaHHOMY ~eJICHHIO 252Cf H ~pymM ~paM, HCllhi­

ThiBaiOID;HM HH3K03HCpreTH'ICCKOC TpoHHOe ~eJICHHC. ,lLnll H3MCf,CHHll OTHO­

CHTCJibHOH s epoliTHOCTH 3MHCCHH 
4
He B TpoHHOM ~e.neHHH 24 Cm H 

252Cf 
CHa'laJia H3MCpMCll BhiXO~ OCKOJIKOB ~eJICHHll C llOMOID;biO d£-~eTCKTOpa 

TeJICCKOna, a 3aTCM, llOCJIC yCTaHOBKH TaHTaJIOBOH <l>oJibrH, BhiXO~ a-'laC­

THU,. 0THOillCHHe BhiXO~a 4
He K ~BOHHOMY ~eJICHHIO, ycpe~HCHHOC no He­

CKOJibKHM H3MepeHHliM, COCTaBHJIO 2,0±0,3 H 3,0±0,3 ~Jill 248Cm H 
252Cf 

COOTBeTCTBeHHO. Ha puc.3 npuse~eHhl peayJI&TaThl Hamux H3MepeHHH (OT-

Ta6JIHU,8. llapaMeTphl 3HCpl'eTH'ICCI.HX CnCIITJ)OB H BhiXO~hl JICI'IUfX ~ep 

qacruu.a HaMep.~uana30H Hau6onee aepo- lllllllM, M38 3KCTpanon. B&l- JIHT. 
. :meprnu, MsB • !ITH. sueprn!l, MsB xo.z~ ua 1 04 4He 

--

243cm 

'H 8,5-18,2 8,3±0,5 5,7±0,5 160±20 *) 

lH 6,2-15,5 8,4±0,5 6,2±0,6 50±5 *) 

3H 5,2-22,5 8,7±0,3 8,0±0,2 922±18 *) 

4He 14,8-36,0 16,4±0,2 9,5±0,3 104 *) 

') - pe3YJibT8Tbl uaCTO!IIJ.ICH paOOTbl 

252Cf 

'H 7,3-18,8 7,8±0,8 6,8±0,8 175±30 [6] 

2H 5,3-21,5 8,0±0,5 7,2±0,7 68±3 [8] 

3H 4,0-20,0 8,3±0,1 7,0±0,1 836±12 [10] 
4He 8,3-37,3 16,0±0,2 9,9±0,7 104 [6] 
4He 8,0-28,0 15,8±0,1 10,2±0,1 104 [10] 
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2 " ~ Cm 

35 36 37 38 39 
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Z/A 
PHc.3 . BeposiTHOCTb 3MHCCHH 

4He B 3aBHCHMOCTH OT Z2 I A 

Me'leHHhle 3anOJIHeHHhiMH KpyxKaMH) COBMeCTHO C H3BeCTHhl H [9 ) ~aH­

HhiMH nO 3aBHCHMOCTH OTHOCHTeJibHOH BepoSITHOCTH 3MHCCHH a-'laCTHU: OT 

BeJIH'IHHhl napaMeTpa Z 2 I A ~eJISI~erocSI Mpa. CpaBHeHue ~aHHhlx HaCTOSI­

m,e:H pa6oThl c JIHTepaTypHhiMH noKa3hiBaeT, 'ITO KpyTo:H cna~ OTHOCHTeJib­

Ho:H BepoSITHOCTH TpoHHOro CnOHTaHHOro ~eJieHHSI COXpaHSieTCSI BllJIOTb ~0 

BeJIH'IHHhl napaMeTpa ~eJIHMOCTH Z 21 A e: 37 . 
.ll,JISI BhiSICHeHHSI npHpo~hl HH3K03HepreTH'IeCKOH 'laCTH n poTOHHOro 

cneKTpa 6hiJIH npoBe~eHhl ~OnOJIHHTeJibHble OnhiThl: 

BJIHSIHHe (n,p)-peaKu:n:H, Bhl3hiBaeMhiX He:HTpoHaMH ~e.n:eHHSI B TaHTa­

JIOBOH <J>oJibre H MaTepHaJie ~eTeKTOpoB, HCCJie~OBaJIOCb B 3KCnepHMeHTe, B 

KOTOpoM Me~y HCTO'IHHKOM 
248

Cm H TeJieCKOnOM noMe~aJICSI TaHTaJIOBhiH 

nor JIOTHTeJib TOJI:m,HHOH e: 1300 Mr I cM
2

, ocTaHaBJIHBaiOm,H:H npoTOHhl c 

3Hepme:H EP ~ 25 M3B H a-'laCTHU:hl c Ea ~ 90 M3B. B pe3yJibTaTe H3Me-

peHHSI 6hiJIO ycTaHOBJieHO, 'ITO BepXHSISI rpaHHU:a BKJia~a B HH3K03HepreTH­

qecKyiO 'laCTb cneKTpa npoTOHOB OT (n,p)-peaKU:HH, Bhl3hiBaeMhiX HeHTpo­

HaMH ~eJieHHSI, COCTaBHJia He 6oJiee 10%. 
C U:eJibiO BhiSICHeHHSI BKJia~a npOTOHOB OT~a'IH OT a-'laCTH H OCKOJIKOB 

24sc u 
~eJieHHSI, Henocpe~CTBeHHO Me~y HCTO'IHHKOM ffi H norJIOTHTeJibHOH 

<l>oJibro:H (19 Mr I cM
2

) noMe~aJiacb MaHJiapoBaSI <l>oJihra, co~epxa:m,aSI 
e: 1018 

CM-
2 

aTOMOB Bo~opo~a. B pe3yJibTaTe H3MepeHHSI 6hiJio ycTaHOBJie­

Ho, 'ITO BKJia~ npoTOHOB OT~a'IH OT ynpyroro paCCeSIHHSI a-'laCTHU: H OCKOJI-
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KOB AeJieHH.sl Ha BOAOpoAOCOAepJKaiiJ,HX npHMec.siX B MHWeHH H TaHTaJIOBOi 
<l>oJibre npHHe6peJKHMO MaJI. 

TaKHM o6pa3oM, AODOJIHHTeJibHhle onhiThl noKa3a.n:H, 'ITO BhiXOA HH3K0-
3HepreTH'IeCKHX DpoTOHOB HeB03MOJKHO OObSICHHTb TOJibKO 3a C'leT <i>oHO­
BhiX peaKU.Hi . 

.llJISI AaJibHeimero HCCJieAOBaHHSI MeXaHH3Ma 3MHCCHH HH3K03HepreTH­
'IecKHX DpoTOHOB B CDOHTaHHOM AeJieHHH u.en:ecoo6pa3HO npoBeCTH 3KCne­
pHMeHThl C 6o.nee HH3KHM 3HepreTH'IecKHM noporoM pemCTpaU.HH DpoTOHOB 
B COBnaAeHHH C OCKOJIKaMH AeJieHH.sl. 

ABrophl 6.naroAapHhl 10.3.lleHHOHJKKeBH'IY 3a nOCTOSIHHYIO noMepJK­
KY npa npoBeAeHHH Hacro.s~m.eii pa6oThl, B.H.llyCThiJibHHKY H IO.B.llnKo­
BY 3a noJie3Hhle o6cy~eHH51, 3.M.Ko3yJIHHY H IO.B.Jlo6aHoBy 3a noMOW.b 
B pa6oTe. 
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KpamiCue coo6~HUR OHHH N93[66]-94 

Y,l\K 539.142 

JINR Rapid Communications No.3[66]-94 

NUCLEON CORRELATION EFFECTS · 
ON Y-SCALING QUANTITIES IN NUCLEI* 

M.K.Gaidarov1, A.N.Antonov1, S.S.Dimitrova1, M.V.Stoitsov1 

The asymptotic scaling function F(y) and the binding correction B(y) as well 
as the mean kinetic and removal energies are calculated in the cases of the 4He, 
12C, 160 and 40Ca nuclei using the nucleon momentum distributions obtained 
within the Jastrow correlation method and the phenomenological model accoun- · 
ted for short-range and tensor nucleon-nucleon correlations. The scaling func­
tions F(y) differ from those obtained in the mean-field approximation and re In 
qualitative agreement with the available experimental data. It Is shown that the 
binding correction B(y) can be explicitly evaluated using a realistic nuclear 
spectral function. The account for the nucleon-nucleon correlations gives increa­
sed values of the mean kinetic (T) and mean removal (E) energy (In comparison 
with their values in the mean-field approximation) and leads to correct values of 
the binding energy per nucleon in the nuclei considered. 

The investigation. has been performed at INRNE (Bulgada) in collaboratipn 
with LTP, JINR. 

HyKJIOHHhle KoppemiU.HOHHhle 3<lxt>eKThl 
Ha Y-cKeiUIHHI'OBhlX BeJIH'IHHax B smpax 

M.K.raiW!poB, A.H.AHTOHoB, C.C.Jl.HMHTpoBa, M.B.CroHIJ.oB 

AcHNDTOTH'IecJC811 CJCeAJIHHI'O&all ciJyHKJ.lHII F(y), nonpaBJCa Ha 3Hepnno 
CBII3H B(y)l a TaJClKe C~.IUfHe JCHHeTH'IecJCall H 3HeprHII CBII3H Bbi'IHCJie bl AJIII 
~ep 4He, 2C, 160 H ~Ca C HCDOJib3088HHeN HYIC.IIOHHbiX HNnyJJbCHbiX p&C­
npe):leJJeHHA, DOJJy'leHHbiX B p&NJCBX NeTO):IB IICTJIOBCICHX ICOppeJJIII.lHA H cJ>eHO­
NeHOJJOrH'IecKOA NO):IeJJH, Y'IHTI>IBaJOII.leA JCOpontO):IefiCTByJOIJ.lHe H TeH30pH&Ie 
HYJC.IIOH-HYJC.IIOHH&Ie KOppeJJIIJ.lHH. CKeAJIHHroawe ciJyHKJ.lHH F(y) OTJJH'I&JOTcll 
0T DOJJy'leHHbiX B npHtiJJHlKeHHH Cpe.!Ufel'O DOJIII H HBXO):IIITCII B JCa'lecT&eHHON 
COrJIBCHH C HNeJOIJ.lHNHCII 3JCCnepHNeHT8JibHbiNH ):IBHHbiNH. lloJCa38HO, 'ITO 
nonpaBJCa Ha CBII3b B(y) TO'IHO Ol.leHeH& C HCDOJib3088HHeN peaJJHCTH'IHOfl 
ll)lepHoA cneKTpaJJ&HOA ciJyHJCJ.lHH. Y'leT HYJC.IIOH-HYJC.IIOHHI>IX Koppenlll.lHfl 
):IBeT yBeJJH'IeHHble 3Ha'leHHII Cpe.!Ufefl JCHHeTH'IeCKOA 3HeprHH (T) H Cpe.IUfeA 
3HeprHH CBII3H (E) no cpaaHeHHIO C HX 3Ha'leHHIINH B npHtiJJHJKeHHH Cpe):IHei'O 
non11 H &e.JIYT JC npaaHJJ&HbiN 3Ha'leHHIIN 3HepmH cali3H Ha HYJC.IIOH AJIII pac­
CNOTpeHHI>IX ~ep. 

Pa60Ta Bl>lnOJIHeHa B 8518513 (lioJJrapHII) B COTpy):IHH'IeCT&e C JIT<II, 
0851H. 

•This work Is partially supported by the Bulgarian National Science Foundation under the 
Contract No. <11-32. 

1Permanent address: Institute of Nuclear Research and Nuclear Energy, Bulgarian 
Academy of Sciences, Sofia 1784, Bulgaria. 
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1. Int roduction 

Significant part of the recent nuclear experiments, both in high and low 
energies, poses the question about the limits of the mean-field approxima­
tion (MFA) in nuclear theory. We shall mention the deep-inelastic proton-, 
inclusive and exclusive electron-scattering in nuclei which show the existen­
ce of high-momentum components in the nucleon momentum distribution as 
well as partial depletion of the levels below the Fermi level and partial filling 
above it in the nuclear ground state [1 ]. These results are in contradiction 
with the predictions of the shell model. The reason of this are the effects of 
short-range and tensor nucleon-nucleon correlations in nuclei which are re­
lated to specific peculiarities of the nucleon-nucleon forces at small distan­
ces. This imposes the development of correlated methods in nuclear theory 
which are going beyond the limits of the MFA. 

A plausible method for studying of short-range correlation (SRC) 
effects in nuclei is the y-scaling method [2-1 0 ]. Since West's pioneer work 
[2 ], there has been a growth of interest in y-scaling analysis, both in its 
experimental and theoretical aspects. This is motivated by the importance of 
extracting nucleon momentum distributions from the experimental data. 
Furthemore, the y-scaling method enables us to see how the characteristics 
of the system considered at finite momentum transfer q differ from those 
obtained in the framework of the Plane Wave Impulse Approximation 
.(PWIA). From experimental point of view, the possibility of extracting the 
nucleon momentum distribution from the inclusive electron quasielastic 
scatterihg data relieS" on the knowledge of the scaling function in the asymp­
totic limit and there are no clear criteria to decide whether the available data 
which are necessarily obtained for large but finite values of q can be asso­
ciated with those from the analysis of the true asymptotic region. It has been 
shown tha t if a proper theory of y-scaling (taking into account the nucleon 
binding and momentum) is adopted, then the extracted nucleon momentum 
distributions are in good agreement with those obtained in a more direct 
way from the exclusive electron scattering (e, e'p) experiments. This fact 
confirins the expectation that the corresponding asymptotic scaling function 
should agree with the experimental one even if the experimental data are 
affected by the final state interaction (FSI). 

A detailed study of the momentum distribution and its relation with the 
spectral function shows that it can be divided into two parts corresponding to 
low- and high-momentum components. These components in the nucleus 
with A nucleons are associated with the ground state and high virtual exci­
tations of the spectator system with A - 1 nucleons. Such investigation 
allows one to calculate the scaling function and some important nuclear 
characteristics. 
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In this paper we connect the results on the SRC effects obtained in the 
Jastrow correlation method (JCM) [11-13] and in ·the phenomenological 
method (PM) accounting for short-range and tensor correlations from 
[14,15 J with the quantities which are analysed in they-scaling method. The 
aim of our work is, using the nucleon momentum distributions obtained in 
the correlation methods mentioned above, to calculate the scaling function, 
the binding correction function as well as the mean kinetic and mean 

removal energies in 4He, 12C, 160 and 4°Ca nuclei. The re ults for the 
asymptotic function are compared with the available experime tal data for 

the cases of 4He and 12C nuclei. This comparison serves as a test for the 

correlation methods. The results for the 160 and 4°Ca nuclei are predictions 
of the JCM and PM concerning they-scaling quantities. The calculations of 
the binding correction function and the mean kinetic and removal energies 
give an additional information on the extent to which the SRC are accounted 
for in the correlation methods considered in the present work and on their 
reliability analyzing quantities which are sensitive to the SRC. 

The definitions and discussion of the main y-scaling quantities, as well 
as the basic relationships of the correlation methods considered in this work 
are given in Section 2 of the paper. The results for ·the asymptotic scaling 
function, for the binding correction function, as well as for the mean kinetic 
and mean removal energies are presented in Section 3. The concluding re­
marks are given in Section 4. 

2. Theoretical Basis 

2.1. The Y-Scaling Method 

The general concepts of they-scaling method for the description of the 
electron quasielastic scattering by nuclei have been introduced by West [2 ]. 
Using the scaling variable yas a kinematical variable, the inclusive cross sec­
tion a 2 can be presented in the PWIA in the form [10 ]: 

-1 

a2 = <za; + ~ I ka ~:sa I F(q, y), (1) 

where aep(n) is the relativistic electron-proton (neutron) cross section in the 

scattering of an electron by an off-shell nucleon with moment m k, w(q) is 
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-1 

the energy transfer, q is the momentum transfer and I kiJ ~:sa I is the 

kinematical factor. The nuclear structure function 

Emax(q,y) kmax(q,y,E) 

F(q, y) = 2n I dE I P(k, E) kdk (2) 
Emin kmin(q,y,E) 

is a function of q and the scaling variable 

y = (kq)/q = M(w -l12M)/q. (3) 

In (2) P(k, E) is the spectral function, the limits of integration are deter­
mined by the energy conservation, Emin = IE A I - IE A _ 1 I , E A and E A _ 1 

being the ground state energies of the A and A - 1 nuclei, respectively. The 
scaling variable y satisfies the equation: 

w+MA= [M2+(q+y)2]1/2+ [M!-1+j]1/2, (4) 

where M A and M A _ 1 are the masses of the A and A - l nuclei in their 

ground state. y has a meaning of a minimal longitudinal (along q) momen­
tum of a nucleon with the minimal value (Emin= M + MA+ 1- M A' Mbeing 

the proton mass) of the separation energy, i.e., I yl = km10(Emin)· The spect­

ral function in (2) is usually given in the general form: 

P(k, E) = P
1
r(k, E) + Pex(k, E), (5) 

where 
P

1
r(k, E) = n

1
r(k) d (E- Emin) (6) 

is the probability distribution that the final (A - 1) system is left in the ground 

state (corresponding to the excitation energy ~- 1 = 0 and E = Emln), 

whereas Pex(k, E) is probability distribution that the final (A- 1) system is 

left in any of its excited states (with ~- 1 'II- 0, E = Emin + ~- 1 ). The rela­

tion between the spectral function and the momentum distribution is 

00 00 

n(k) = I P(k, E) dE= n
1
r(k) + I Pex(k, E) dE= n

1
r(k) + nex(k). 

Emin Emin 
(7) 
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Indeed, the momentum distribution can be presented as follows: 

n(k) = I('I'~A- 1 )r{p (k)I~A))I 2+ L I<'~')A- 1 )1'p (k)I'I'~A)) I 2 • (8) 

t-o 
A 

where 'II (k) is the annihilation operator of a nucleon with momentum k, 

'I'~A) is the wave function of the ground state of the A-nude n system, 

qt~A - 1) and w)A -1) are the wave functions of the (A - 1 )-nucleo system in 

its ground and excited (/) state, respectively. It can be seen that the first 
term in (8) reproduces n

1
r(k), whereas the second one gives nex(k) from (7). 

The separation of the spectral function (5) has been ado ted (e.g., 
[6, 10]) in order to single out the nucleon binding effect (coming from 
Pex(k, E)> on the scaling function. We use model spectral functions in which 

only average excitation energy of the final nuclear system is considered: 

P (k, E) = n (k) d (E - 'E\ ex ex ex · (9) 

The value of E can be calculated from the energy weighed sum rule [16 ]: ex 

where 
(T) = I (k2 /2M) P(k, E) dk dE (11) 

and 

(Ej = I EP(k, E) dk dE (12) 

are the mean kinetic and mean removal energies, respectively, and I e A I is 

the binding energy per particle. It follows from (5), (6), (9) and (12) that 

(Ej = Emln5v + Eex5ex' (13) 

where 
s,r= 4x I n,r<k) k

2
dk (14) 

and 
sex= 4x I nex<k> k

2
dk (15) 

are the occupation probabilities. The normalization of the spectral function is 

4n I P(k, E) k2 dkdE = 1. 
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It was shown in [8 ] that due to the behaviour of the spectral function 
P(k, E) at large k and E and using eq. (5), the structure function can be pre­
sented in the form: 

00 00 00 

F(q, Y) = 2n I ng/k) kdk + 2n I dE I Pex(k, E) kdk, (17) 
lyl Emin kmilt(q,y,E) 

where the first term scales in y, but the second term represents a «scaling 
violation» (k min depends on q) due to the nucleon binding. In the asymptotic 

limit (q-+ oo ) 

lim kmin(q,y,E)=k:in(y,E)e: ly-(E-Emin)l (18) 
q-+oo 

one has: 
00 00 00 

F(y) = 2n I ngr(k) kdk + 2n I dE I Pex(k, E) kdk, 
lyl Ernilt ly-(E-Ernilt)l 

or 

where 

F(y) = /(y) - B(y), 

00 

/(y) = 2n I n(k) kdk 
lyl 

is the longitudinal momentum distribution and 

00 ly-(E-Em
1
)1 

B(y) = 2n I dE I Pex(k, E) kdk 
Emilt lyl 

(19) 

(20) 

(21) 

(22) 

is the contribution arising from Pe/k, E) representing the binding correc­

tion to the scaling function. 
After taking the derivative of both sides of (20) one gets for the nucleon 

momentum distribution (NMD): 

n(k) = __ 1_ [dF(y) +dB] 
'br;y dy dy ' 

k= lyl. (23) 

Hence, the extraction of the NMD in the y-scaling approach needs the 
asymptotic scaling function F(y) to be obtained from the experimental data 
and the binding correction to the NMD dB/ dy to be obtained in a realistic 
way. 
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The experimental inclusive cross sections a 2 for 3He [ 17, 18 ], 4He, 12C 

and 56Fe [19] and for the nuclear matter [20] give the possibility of deter­
mining the experimental scaling function [7 ,8 ]: 

_p;xp _ 2 ' dw 0 exp(q w) I I 
1 (q, Y) - <za;; + ~) ka cos a · (24) 

The experimental knowledge of the asymptotic scaling function F(y) and the 

estimate of the binding corrections B(y) for 3He and for complex nuclei 

[21,22] allow the NMD for 2H, 3He, 4He, 12C, 56Fe and nuclear matter to 
be obtained [8] using (23). The results for various nuclei confirmed the con-

clusion that n(k) at k s 1 fm - 1 can be predicted by the mean field methods, 

but for k ~ 2 fm - 1 the NMD behaviour depends on correlation effects in 
nuclei and is almost independent of the mass number A. 

In this work we shall apply the NMD obtained in JCM and in the PM 
accounted for SRC and tensor correlations to calcula.te the scaling function 
F(y) , and to compare directly with the available experime tal data for 

F(y) in 4He and 12C as well as the binding correction to the scaling function 

B(y) and the mean kinetic and removal energies in the cases of 4He, 12C, 
160 and 4°Ca nuclei. The basic relations of the correlation methods used in 
the calculations are given in the next subsection. 

2.2. Phenomenological Correlation Methods 

A method to account for the short-range repulsion in the nucleon-nuc­
leon force has been developed by Jastrow [23 ]. In it the total many-body 
wave function is written in the form 

'P(r1, ... ,rA)=C~l/2 n l(rij)<l>(r1, ••• ,rA), (25) 
1sisjsA 

where A is the number of nucleons with particle coordinates r 1, r 2, .•• , r A' <I> 

is a Slater determinant built up from single-particle wave functions rp a(r) 

which correspond to the occupied states, and C A is the normalization cons­

tant. The correlation function I (rii) =I (I ri- ri I) satisfies the conditions: 

l(rij) = 0, 

l(rii) = 1, 

for I ri- ril s rc' 

for lr .- r.l ... oo, 
I J 
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where rc is the radius of the nucleon-nucleon repulsive core. The wave func­

tion 'II [eq. (25) ] is used as a trial function in varitional calculations of the 
energy for a system with a given Hamiltonian. Various approximations and 
appropriate techniques which are based on the variations with respect to the 
single-particle functions rp (r) and the correlation function f(r .. ) have been 

a V 
developed in the JCM. 

Gaudin et al. [24] suggested a perturbation expansion method for 
calculating the one- and two-body density martices. These quantities are 
written as an expansion in terms of the functions 

g(r) = 1/(r)l 2
- l, h(r) = f(r) - 1. (27) 

Using the lowest-order-cluster approximation, harmonic-oscillator single­
particle wave functions and Gaussian form for the function f(r), the nucleon 

momentum distribution n(k) for 4He has been obtained [11 ] and compared 
with the exact Jastrow calculations [25 1. An important feature of n(k) is the 

high-momentum tail at k > 2 fm -•. This result shows the role of the Jastrow­
type SRC on the high-momentum components of the momentum distribution. 

In [12, 13 1 the JCM in its lowest-order approximation <LOA) is applied 
to calculate short-range correlation effects on the nucleon momentum and 
density distributions, as well as on the occupation probabilities and natural 

orbitals in the 4He, 1 ~0 and 40Ca nuclei. The obtained analytical expres­
sions for the one-body density matrix, for the momentum and density dist­
ributions in [12, 131 give a possibility for a detailed study of the quantities 
sensitive to the SRC. 

The short range and tensor correlation effects on the nucleon momen­
tum distributions and form factor have been studied within the phenomeno­
logical model from [14,151. The two-body correlation operator u(1, 2) 
acting on the pair wave function is introduced in the two-body density 
matrix of the correlated system: 

p (v 1, v2; v~, v~) = L [(v 1v2 1 u(1, 2) I ab) (abl u +(I, 2) lv~v~)-
a,b 

+ . ' - (v 1v2 1u(1, 2)1ab)(ablu (1, 2)1v2v1)1, (28) 

where v = (ri, s:, tt). In the .case of the harmonic-oscillator single-particle 

wave functions the two-particle state function I a(1 ), b(2)) is expanded on 
the basis of the relative and c.m. coordinates, the total angular momentum, 
and spin and isospin of the pair: 
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la(l), b(2)) = L Cablnlm) INLM) ISSz) ITr), (29) 

where N, L, M; n, l, mare the radial and angular c.m. and relative motion 

quantum numbers; S, T, the spin and isospin of the pair; and S z and T Z, 
their third components. 

The SRC effects are included by means of the operator u(l, 2) acting s.r. 
on the radial part of the pair wave function 

[u(l, 2) Js.r.l nlm) = N~/ 12t(r) I (n/m)), (30) 

with r ... 0 
f(r) -o, 

r ... oo 

f(r) - 1. (31) 

The tensor correlations .are included by using the two-body operator 
u( 1, 2)tens. that acts both on the angular and the radial parts of the relative 

motion of the pair. In practical applications the tensor operator is restricted 
to deuteron-like states only: 

[u(l, 2) )tens. I n3
, S1, Jz, T = 0) = (1 - r/)112 1/' no(r).l n, 3s1, J z, ~ = 0) + 

(32) 

where tp n~r) are the radial wave functions, chosen to be the harmonic-oscil­

lator fuctions. 
Explicit expressions for the nucleon momentum distributions and form 

factors are obtained for the 4He, 160 and 40Ca nuclei in [15 ). It is shown 
that the effects of both short-range and tensor correlations lead to the exis­
tence of the high-momentum tail of the momentum distribution n(k) which 
is several orders of magnitude higher than the values of n(k) in the inde­
pendent-particle models. The tensor correlations are stronger for light nuc-

lei <4He and 160> than for 40Ca. 
The detailed study of the NMD in the JCM [ 12, 13) and in the PM from 

[14,15) shows that it can be separated into two terms, n(k) =n1(k)+ 

+ n2(k), where the first one (n1 (k)) corresponds to the low-momentum re-

gion (k < 2 fm -I); and the second one (n2(k)), to the high-momentum region 

(k 2: 2 fm- 1). This can be related to the conclusion from [8) that the NMD 

at k 2: 2 fm -I is enti~ely exhausted by nex(k). The latter allows us to iden­

tify n
1
r(k) and nex(k) from (7) with n1 (k) and n2(k), respectively, and to cal­

culate the scaling function, the binding correction to it and the mean kinetic 
and removal energies within the JCM and the PM for various nuclei. 
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3. Results of Calculations and Discussion 

3.1. Scaling Function and Binding Correction 

The effects of the nucleon correlations accounted in the JCM [12,13] 
and in the PM [14,15] on they-scaling function F(y) and the binding cor­
rection B(y) can be calculated using the momentum distributions obtained in 
both correlation methods in eqs.(19-22) and the model spectral functions 
(eqs.(5,6,9)) . The theoretical results for the functions F(y) and B(y) in the 
4He, 12c, 160 and 4°Ca nuclei obtained by using the nucleon momentum 
distributions from the JCM method [12,13,26] are given in Figs.1-4. We 
note that: i) At low values of I y I (I y I :S 350 MeV I c) the shape of F(y) for a 
given nucleus is determined mainly by the first term of eq. (19), which scales 
in y and is generated by ngr(k). The latter is similar to the momentum dist-

ribution predicted in the mean-field approximation; ii) At higher values of 
I y I (I y I > 350 MeV I c) the function F(y) is almost entirely determined by 
the second term of eq. (19), which is generated by nex(k), i.e. by the high-

momentum part of the momentum distribution. The function nex(k) is 

almost independent of the mass number A and contains the effects of the 
SRC. Concerning the binding correction B(y) to the scaling function we note 
that it is almost constant at y s - 100 MeV lc and is quite appreciable at 
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Fig.1. The scaling function F(y) of 4He (solid line) and the function 
B(y) (dashed line) calculated by using the nucleon momentum dist­
ribution n(k) from [13] 
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Fig.2. The same as in Fig.l , but for 12C. The nucleon momentum 
distribution used In the calculation is from [26) 
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y(MeV/c) 
Fig.3.The scaling function F(y) of 160 (solid line) and the functio 
B(y) (long-dashed line) calculated by using the nucleon momentum 
distribution from [ 12, 13) . The short-dashed line is the scaling 
function F(y) calculated by using n(k) from [15) 

large values of I y I . This confirms the conclusions from [8 ] on the necessity 
of the electron-nuclei quasielastic cross sections to be calculated in terms of 
spectral functions and not simply by convoluting the free electron-nucleon 
cross section with the nucleon momentum distribution. 
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Fla.S. The scallna function F(y) of 4He. The solid trian&lea repre­
sent the experimentalacalina function from [10). The results of this 
work: calculations by uslnan(k) from [13) (solid line) and calcu­
la tions by uslna n(k) from [15) (lona-duhed line). The short­
dashed line is the result from [10) 

The scaling functions F(y) for the 4He and 12C nuclei calculated in this 
work are compared in Figs.S and 6 with the available experimental data for 
the asymptotic scaling function. They are compared also with the results of 

our calculations for the scaling function in 4He, 160 and 40Ca (Figs.3-6) 
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Flg.6. The scaling function F(y) of 12C. The solid triangles repre­
sent the experimental scaling function from [I 0) . The result of thi 
work: calculations by using n(k) from [26) (solid line) . The long­
dashed line is the result from [27). The short-dashe~ line is result 
In the Hartree-Fock method (taken from [7)) 

using the nucleon momentum distributions from the phenomenological cor­
relation model accounted for short-range and tensor correlations [15 ]. In 
this case nex(k) is identified with the third terms in the right-hand side of 

eqs.OO>, 0 1) and 02> in [15] for the 4He, 160 and 40Ca nuclei , correspon­
dingly, while ngr(k) is identified with the sum of all other terms in the right-

hand side of the same equations. 

In the case of 4He and 12C the scaling functions calculate in [7 ] and 
[lO] using many-body correlated wave functions from [27] are given in 
Figs.5 and 6, respectively. The predictions of the Hartree-Fock method (ta­
ken from [7 ]) are shown in Fig.6 for the case of the 12C nucleus. 

It can be seen from Fig.5 that the scaling function F(y) for 4He calcu­
lated within the JCM is in good agreement with the experimental data and 
with the results from [ 10 ]. The same is true for F(y) calculated u ing the PM 

from [ 15 ] for y ~ - 350 MeV I c. The J CM result for F(y) in 12C is similar to 
that from the correlation method from [7, 10,27] for I y I s 300 MeV I c. The 
values of F(y) at lyl > 300 MeV lcaremuch larger than those obtained in the 
Hartree-Fock method. This is due to the nucleon correlation effects in the 
momentum distribution calculated in the Jastrow method. We note the diffe­
rence between the results for F(y) at lyl > 300 MeV lc obtained in the JCM 
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and in the PM in the cases of 160 and 4°Ca. We emphasize the necessity of 
obtaining experimental data for F(y) in these nuclei as a test of the various 
correlation methods. 

Table. Mean kinetic ((1)) and mean removal ((E)) energies, 
occupation probabilities Sgr and Sex calculated within the Hartee-Fock (HF) 

approximation and in many-body correlation methods [11,12,13,15,28,29,30] 
and the binding energy per nucleon (EA/ A) 

(1/ (E) EA/A 
Nuclei MeV MeV ssr s.x [eq. (10) J 

. (EA/A)exp 
[32] 

MeV MeV 
4He Shell model [28] 17.1 19.8 1.0 0.0 4.20 7.07 

Ref. [28] 21.1 28.2 7.07 

Ref. [30] 28.7 

calculated in this 
work using 

Ref. [11] 25.96 31.45 0.93 0.07 7.07 

Ref. [15] 20.35 27.71 0.93 0,07 7.07 

Ref. [12,13] 25.79 31.34 0.905 0 .095 7.07 

12c HF [29] 17.0 23 .0 1.0 0.0 3.77 7.68 

Ref. [29] 37.0 49.0 0.8 0.2 7.68 

£alculated in this· 
work using 

Ref. [26] 20.97 34.42. 0.98 0.02 7.68 

160 HF [29] 15.0 24.0 1.0 0.0 5.00 7.97 

Ref. [29] 27 .0 41.0 7.90 

Ref [30] 34.4 

calculated in this 
wor ·< using 

Ref [15] 19.73 34.37 0.94 0.06 7.98 

Ref [12,13] 21.28 35.81 0.95 0.05 7.97 

•oca HF [29] 16.5 26.6 1.0 0.0 5.26 8.55 

Ref [29] 36.0 52.1 0.8 0.2 8.51 

calculated in this 
work using 

Ref. [15] 18.71 35.33 0.91 0.09 8.55 

Ref. [ 12,13] 23.29 39.80 0.91 0.09 8.55 
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3.2. Mean Kinetic and Mean Removal Energy 

The study of the nucleon correlation effects using realistic nucleon-nuc­
leon interactions shows [28-30] a substantial increase of the values of the 
mean kinetic ('I') and mean removal (E) energy with respect to their Hartree­
Fock values, as well as a strong relation between the high-momentum com­
ponents in the momentum distribution. This link is quantitatively explained 
within the two-nucleon correlation model [31] in which the high-momen­
tum components of a nucleon are generated by its hard interaction with a 
single nucleon, whereas the remaining (A- 2) nucleons (the soft nucleons) 
move in the mean field with c.m. momentum kA_ 2 ::::::: 0. Eqs. 01-13) allow 

us to calculate (1') and (E) using the momentum distributions from [11-
15 ]. We note that I e A I, (1') and (E) have to satisfy the Koltun's sum rule 

(eq.1 0)) [ 16 ]. The values of the mean kinetic and removal energy, as well as 
the binding energy per nucleon evaluated by using of eq. (10), which are cal­
culated within the shell model, in the Hartree-Fock method a din various 

correlation methods for the 4He, 12C, 160 and 4°Ca nuclei ar given in the 
Table. It can be seen that the increase of the values df ('I') and (E) "due to the 
correlation effects is quite a general feature of the many-body calculations. 
The values of (T) and (E) obtained in our correlation approaches give a cor­
rect value for the binding energy per nucleon, which is not the case in the 
shell model and in the Hartree-Fock method. The values of the occupation 
probabilities S and S are listed also in the Table. They are obtained gr . ex 

using eqs.(14) and (15) in calculations for 4He, 12C, 160 and 4°Ca nuclei. 
Due to the ground state correlations the values of S gr are le s than unity 

(while SHF = 1) and the values of S are larger than zero (whde SHF = 0) . 
gr ex ex 

4. Conclusions 

It is shown in they-scaling method that if only nucleonic degrees of free­
dom are considered within the framework of the PWIA, then at sufficiently 
high values of q the structure function F(q, y) becomes a function only of y. 
The analysis of they-scaling in the region where it is observed (Y < 0) allows 
one to obtain information on the important characteristics of the nucleon 
dynamics (e.g., on the nucleon momentum distribution) in nuclei. The ana­
lysis in the region where the scaling is not observed (Y > 0) yields informa­
tion on the effects which break down the impulse approximation and shows 
the limits of the independent-particle description of the nuclear systems. 
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The main conclusion of they-scaling analysis is that the experimentally 
obtained asymptotic scaling function, as well as the scaHng function calcu­
lated in various correlation methods differ largely from the scaling function 
obtained in the MFA. The binding correction to the scaling function can be 
explicitly evaluated using the nuclear spectral function. These conclusions 
are confirmed in the present work by the calculations of the scaling functions 
F(y) and the binding correction B(y) by using realistic momentum distribu­
tions obtained within the correlation approaches, such as the Jastrow 
method [12, 13] and the phenomenological correlation model [14,15] in the 

case of the 4He, 12C, 160 and 40Ca nuclei. The increased calculated values 
of the mean kinetic (T) and mean removal (I!) energy in comparison with the 
shell-model and the Hartree-Fock calculations lead to correct results for the 
binding energy per nucleon in the nuclei considered. The values of (T) and 
(I!) obtained in thi~ work can be related to the presence of high-momentum 
and removal energy components in the many-body spectral function. These 
values reflect the extent to which the short-range nucleon-nucleon correla­
tions are ae<:9unted for in the methods considered in this work. 
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