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In our previous papers/l_S/ the time development nuclear reac-

tions at a large density of resonance levels of the compound
nucleus corresponding to the same angular momentum has been dis-
cussed. It is shown that in the model of equivalent channels
under the condition I'>> %?2 (I'is the width of an individual
Hi
quasistationary level, n 1is the number of channels, and D is
the average distance between the neighbouring levels) the avera-
ge duration of collision is much larger than the lifetime hor
for an individual level and is equal to

2qh
nD

In so doing the time development of processes is distinctly non-
exponential in character with the root-mean-square deviation

(H

to=

AM<2y F —<<tg. Later on similar results have been obtai-
n

ned in papers/e"gﬂ

In the present paper the probability distribution of the
time delay ot a wave packet at the stage of compound nucleus
formation is studied at arbitrary values of the parameter ['/nD*
The initial relation, which connects the function of the time
delay distribution for a given reaction with the corresponding
§ -matrix element, takes the form (the angular momentum is sup-
posed to be fixed)

1 —n-ih 2

P, ()= S [ ¢ (e)e de. (2)
Here the indices i and j correspond to the final and initial
state, respectively,

8y (E)SYE=0>- <8y Ep)® (3)
Y <18, (E)F>-| <8 (E)>

*The formation of compound nucleus is accompanied by instan-
taneous elastic scattering, which we do not consider here; for

I'>>nD/2x the process of instantaneous scattering corres-—
ponds to the avera%; values of S -matrix elements which are
equal to zero (see’®™% ), | —m oo T e e ey
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is the function of amplitude correlation, the symbol < >
denotes the averaging over the energy spectrum of packets. The
average time delays at the stage of compound nucleus are de-
termined by the formula
- d¢j; ()
tij = (1P (0dt = -i'r\--a‘lj-—-‘,

- c=0" (4)
They satisfy the sum rule
1 Q- 2 2
2 2 ti' (([S(E)‘ >—¥<Sij(E)>| ) =
imqjml 1 1 (5)
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A further consideration is based on general results of the the-
ory of overlapping resonances. It has been shown formerly that
the unitary many-channel S -matrix corresponding to a definite
angular momentum satisfies the relations/3.4/

isp@E S E® s T . (6)
dE k (6k_E)2+rk2/4

det(S(E)St (E—¢ ))

. (6")
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which are independent of constant background. Besides, in ac-
cordance with 710/,
det §(E)=dewg(1+i ), (7)

K &y-E- 3 Ti
where U is the background matrix. The averaging of the sum
rule (6) over the energy spectrum of a packet with the effecti-

ve width AE>>T ,D yields
~ ~4
iSp<S(E)_2d§l.§.@.L.>,%’Z_ (8)

and an analogous procedure for expression (7) leads to the Si-
monius formula/11/
~ ~ —nr/D
|[det<S(E)>|=|<detS(E)>|=e 9)
where I' is the mean width of resonance levels. In the one-chan-
nel case from (5), (8) and (9) there follows the result
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/6/. In

obtained previously in paper/5/ and independently in V3
-5/

the framework of the model of N equivalent channels (see
the average time delays at the stage of compound nucleus are
identical. Then

nl .
l<sij (Ep | =exp(- -n"D"")Bij 9"

and, in accordance with (5),
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Thus, when passing to multichannel reactions, the average dis-
tance between the neighbouring levels D 1is replaced by nD.
Let us emphasize that the above relations are not connected with
concrete hypotheses about the statistical distribution of re-
sonance parameters, and they are the consequences of S -matrix
unitarity. In distinction to the average time delay, the beha-
viour of correlation function ¢(¢) characterizing the time de-
velopment of reaction is already sensitive to statistical hy-
potheses. Let us assume that all levels have the same widths
1" and their energies are distributed according to the Poisson
Tay wieh dencity o=1M Tt ic easy to show that when points
yy are distributed in an interval v,y according to the
Poisson law, for any continuous function the formula/1/
Vo
<Ma(y, )>=exp(L [ (ay)-1dy) (12)
¥ Ok D v
is valid, where D is the average distance between the neigh-
bouring points. Averaging equality (6') over energy interval
AE>>I" D and using (12), we obtain (see’**:
e

s oA 2
<detS(E)S (E-¢)> = LAY (13)
etS(E)S'(E-c)> =exp (g

In the one-channel case from (3), (9) and (13) one gets the
simple expression for correlation function:

- -Xe -
sl T e ya-eT )T, xa 22D (14)

. /4,5/
In the model of n equivalent channels

<§(E)§+(E-()>i_-exp(i-__—z.zf..___...)ﬁj. ; (15)
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It is easy to see that if all processes at the stage of compound
nucleus have the same time development, the correlation func-—
tion is described by one-channel formula (14) with X=241 ‘nD

according to (3),(9') and (15). The probability distribution of
time delay conforming taq the correlation function (14) can be
calculated in the explicit form by formula (2). Expanding the
numerator of the function &(e) in a series and using the residue
theorem, we find

-r X -12 Xm+1rm
P(x,r)=e (e” =1) 2 - r>0; (16)
m=0 m!(m+1)!
P(x,r)=0, r <0;
Here
r= 1t , FP (x,7)dr=1. (17)
T 0

From (16) one gets automatically the formula (11) for the
average time delay. A relative fluctuation of the time delay
can be determined in a similar manner. Indeed,

T2m [ P(x,7)r2dra(x 242x)d=e " )7L, (18)
Hence
T2_(7He —x )
n (1) =(—=7 ) L& q-e7F VamF) ) r10)
. (7' )Z X
d
and —'El?; -(-2-< 0, n, (x) g n, 0)=1 (see 75/ as well). Equa~
tion (16) can be rewritten in the form
P(x,r)=e (" =17 V2, @VED), (20)
where il;(z)=J,(iz) is_a first order Bessel function of
imaginary argument. When VXr<<1, then
P(x,r)=€ @ —oee 21
e¥1

and for v x:>>1, taking into account the asymptotic behaviour
of the Bessel functions, we have

—— 2
-0T-VT)
P(x,r)= - 1 1-\/5--e . (22)
\/417()(7)/é T -h
In accordance with eq. (21), for x<<1 and t<<f’ -% there

takes place the exponential distribution of time delay. In this

case, according to eqs. (11) and (19), t-fr, n, =1. Note that
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Fig.l. Probability distribu~ Fig.2. Plot of the probability

tion of time delay at the stage distribution of time delay at
of compound nucleus calculated a very large density of reso-

by formula (20)(x= Ll = ). nances levels (x-—,?,%[:,.;.= _}).
n

in the discussed case the delay probability for times t<h /I'x
is extremely small and this interval can be generally excluded
from the consideration. Quite another situation appears under

.. T
the condition xX= i

>>1. In this case the probability of delay fo

: . . . - - i
15 veiLy owali (~o ) ana ror t>>h/l'x
the asymptotic formula (22) is valid. It is easy to see that in
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this case the average time delay t= iigh (7= 1) and the relative
n

fluctuatuin n, -Jé}<<1. It is evident that, in accordance with

/1-—4/.

the results the function of "the relative time delay"

distribution ',‘=_x’.(i5(x.,)-xp(x,,)) takes the form of

a very narrow (8 —-shaped) peak at X-+=.It should be emphasized
that in this limited situation the S -matrix elements tend

to zero. The plots of the function of the time delay distribu-
tion are presented in figs.l and 2,

As was noted above, the formulae (10), (11) for average time
delay are independent of the character of statistical distri-
bution, and they are also valid at the deviation from the Pois-
son law (in particular, at the equidistant location of levels).
From the analysis performed in paper’lQ/ one gets the relation

/2
n, =y V= as values x>>1,
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where y='( D;———)
ce between levels (the value y=1 corresponds to the Poisson
distribution). For most relatistic models y £1. In particular,
in the case of the Wigner distribution of levels y=0.52% Thus,
the general conclusion, of papers /2% is confirmed that the
relative fluctuation of time delay at the stage of compound
nucleus is small at a very large density of overlapping levels.
It should be emphasized that our consideration, as in pa-—
pers/3-5/, {s valid under the condition that the number of
independent superpositions of compound nucleus levels with am—
plitudes different from zero (the number of "incoming states")
coincides with the number of channels. This regime corresponds
to a minimal correlation between levels which appears as a con-~

sequence of unitarity and leads to geometric effective cross sec-

tions (after summation over partial waves). However, the situa-
tions are in principle possible when the number of "incoming
states" (or "doorways'"), which we denote by m, is smaller

than the number of channels n. This question has been already dis-

cussed in paper/SA According to ref.”% in the general case the
formula (1) for the life-time of compound nucleus is replaced
by the relation at I'>>mD/2nr

25“ 25“ t
tg ™ e D o D> =, l<mgn .
0 2D <mgn (23)
In particular, at M=1 (Newtonian case 713/ 3y the time develop-
ment of nuclear reactions is the same as in the one-channel
27h

case (tg= ) independently of the number of channels. First

. . . /14/
Baz' has noticed this in paper 1/

An interesting conclusion can be draw from (23): in spite of
ordinary treatments the duration of nuclear reactions is able
not only to decrease with rising the excitation energy of com-
pound nucleus but also it is able to increase. Indeed, it is’
well known that the distance between levels decreases fastly

* At the equidistant location of levels the time delay dis-
tribution for a wave packet with a wide energy spectrum, which
has been found in paper 8/ for the one-channel case, has the
form in our denotations:

-x = —-x(k-1)
P(x,r)=(1—e )T &(r-kx)e .
k=1
It is easy to show, that then
—~-x/2

Ta x(1-e"%)"1, n, =e

is a relative fluctuation of the distan-

with increasing excitation energy. In principle it is possible
that the quantity mD decreases also. Although in other condi-
tions the time of reaction evolution can decrease with increa-
sing excitation energy but much slower than it is oustomary to
assume. This behaviour is confirmed by the results of recent
experiments on the determination of the duration of fission
reactions at the interaction of 3He and 238U nuclei 7157,
Apparently, a further experimental investigation of the dura-
tion of nuclear reactions at excitation energies about several
tens MeV will be of importance for understanding the structure
of high-excited nuclei.

The author is grateful to B.L.Birbrair, B.E,Bunakov, V.I.Fur-
man, D.A.Kirzhitz, S.G.Kadmensky, I.N.Mikhailov, M.I.Podgoretsky,
L.A.Sliv and M.G.Urin for their interest in this work and for
useful discussions.

REFERENCES

1. Lyuboshitz V.L., Podgoretsky M.1. Yad.Fiz., 1976, 24, p. 214.
Kopylov G.I., Lyuboshitz V.L., Podgoretsky M.I.JINR,
P2-9688, Dubna, 1976,

N

3. Lyuboshitz V.L. Phys.Lett., 1977, 72B, p. 4l.

4. Lyuboshitz V.L. Yad.Fiz., 1978, 27, p. 948.

5. Lyuboshitz V.L. Pis'ma Zh.Eksp.Teor.Fiz., 1978, 28, p. 32.

6. Rosengaus E., Mello P,A., Bauer M. Amer.Journ.Phys., 1978,
I A - 117N
6, p. 1170,

7. Bauer M., Mello P.A. Journ.Phys.G: Nucl.Phys., 1978, 5,
p. L199.

8. Bauer M., Mello P.A., McVoy K.W. Zs.f.Phys., 1979, 293A,
p. 151.

9. Olkhovsky V.S. Preprint KINR-81-30, Kiev, 1981.

10. Simonius M. Nucl.Phys., 1974, A218, p. 73.

11. Simonius M. Phys.Lett., 1974, 52B, p. 279.

12. Lyuboshitz V.L. Podgoretsky M.I. JINR, P2-10138, Dubna,
1976.

13. Newton T.O. Canad.Journ.Phys., 1952, 30, p. 53.

14. Baz' A.I. Pis'ma Zh.Eksp.Teor.Fiz., 1978, 27, p. 142.

‘15. Bugrov V.M., Karamian S.A. Yad.Fiz., 1981, 34, p. 577.

Received by Publishing Department
on June 29 1982.



WILL YOU FILL BLANK SPACES IN YOUR LIBRARY?
You can receive by post the books listed below. Prices - in US 8,

including the packing and registered postage

D13-11807 Proceedings of the III International Meeting
on Proportional and Drift Chambers. Dubna, 1978. 14,00

Proceedings of the VI All-Union Conference on
Charged Particle Accelerators. Dubna, 1978.
2 volumes. 25.00

D1,2-12450 Proceedings of the XII International School on
High Energy Physics for Young Scientists,

Bulgaria, Primorsko, 1978. 18.00
D-12965 The Proceedings of the International School on

the Problems of Charged Particle Accelerators

for Young Scientists. Minsk, 1979, 8.00

D11-80-13 The Proceedings of the International Conference
on Systems and Techniques of Analytical Comput-
ing and Their Applications in Theoretical
Physics. Dubna, 1979. 8.00

D4-80-271 The Proceedings of the International Symposium
on Few Particle Problems in Nuclear Physics.

Dubna, 1979, 8.50
D4-80-385 The Proceedings of the International School on
Nuclear Structure. Alushta, 1980. 10.00

Proceedings of the YII All-Union Conference on
Charged Particle Accelerators. Dubna. 1980.
2 volumes. 4.

D4-80-572 N.N.Kolesnikov et al. “"The Energies and
Half-Lives for the a - and S-Decays of 10.00
Transfermium Elements"”

D2-81-543 Proceedings of the VI International Conference
on the Problems of Quantum Field Theory.
Alushta, 1981 9.50

D10,11~81-(22 Proceedings of the International Meeting on

Problems of Mathematical Simulation in Nuclear
Physics Researches. Dubna, 1980 9.00

D1,2-81-728 Proceedings of the VI International Seminar
on High Energy Physics Problems. Dubna, 1981. 9.50

D17-81-758 Proceedings of the II International Symposium
on Selected Problems. in Statistical Mechanics.
Dubna, 1981. 15.50

D1,2-82-27 Proceedings of the International Symposium
on Polarization Phenomena in High Energy
Physics. Dubna, 1981. 9.00

Orders for the above-mentioned books can be sent at the address:
Publishing Department, JINR
Head Post Office, P.O.Box 79 101000 Moscow, USSR

Jho6omi; B.J1. BepoATHOCTHOe paclpefelleHHe BpeMeHH E4-82-494
3ajlepXKH BOJIHOBOr'O MaKeTa INPH CHJIBHOM I[IepeKpblBaHHH
Pe30HAHCHHWX YDPOBHell

Ha ocHoBe TeOpHH NepeKpHBAKLIHXCHA Pe3OHAHCOB HCCIIeAyeTCs Bpe—
MeHHOH XOofO fAfepHHX peakKiHil NpH 60MNbMOli IUIOTHOCTH YPOBHe#H. B
paMKax MoZiesiIi1 N 3KBHBAJIEHTHHIX KAaHAaJIOB IOJIYYE€HO aHaJIMTHYeCKoe
BbipaxeHHe AJIS GYHKIHH pacnpenelleHMss BepOATHOCTH BpeMeHH 3a-—
AepXKH nakeTa NpH o6pasoBaHMM cocTaBHOro sgpa /dopmyna /20//.
llokasaHo, YTO NPH CHJILHOM NepeKpHBAHWM PE3OHAHCHHIX YPOBHEH
OTHOCHTeNbHAasd QUIYKTyalus BpPeMeHH 3aOepXKH Ha CTafHH COCTaBHO-
ro agpa Mana. O6cyxgaercs BO3SMOKHOCTb YBeIIHUEHHS AJIHTEJIbHOCTH
A0EePHbIX peakKlUHH C pPOCTOM 3HEprHH BO36YKIOeHHA.

Pa6ora BmnonHeHa B Jla6opaTOpHH BHICOKHX sHepruit OHAM.
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Lyuboshitz V.L. The Probability Distribution E4-82-494
of the Delay Time of a Wave Packet in Strong Overlap of

Resonance Levels

The time development of nuclear reactions at a large den-—
sity of levels is investigated using the theory of overlép—
ping resonances. The analytical expression for the function
describing the time delay probability distribution of a wave
packet is obtained in the framework of the model of n equi-~
valent channels (formula (20)). It is shown that a relative
fluctuation of the time delay at the stage of the compound
nucleus is small. The possibility is discussed of increasing
the duration of nuclear reactions with rising excitation

energy.

The investigationh has been performed at the Laboratory of
High Energies, JINR.
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