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A special type of atom-surface resonance is analyzed, called coalescent resonances, which display
an unusual broadening effect in their width. It is shown that the Fermi golden rule does not apply

for these resonances.

I. INTRODUCTION

Resonances are one of the most interesting phenomena
in inelastic collisions. They have been studied in various
systems and their theory is by now very well established.
Basically, formation of a resonance is noticed as a rapid
change of the cross section in a small vicinity of certain
collision energy. The structure of this change carries in-
formation about the properties of resonance and in partic-
ular the width of this change is related to the lifetime of
resonance.! This relationship is basic to all resonance
phenomena and its universality has been recognized in
many different areas of physics (e.g., lifetime of many ele-
mentary particles is determined in this way).

The width of inelastic resonances is also related to the
value of coupling between the channels and therefore
from the observed cross section it is possible to obtain
some information about the system. This relationship
tells us that if a system has one or more bound states in
closed channels, when coupling between channels is
neglected, then these bound states will appear as reso-
nances (of Feshbach type?) when coupling with open
channels is introduced. In fact, it was shown that the
width of these resonances is proportional to the second or-
der in the coupling strength.® This rule is so general that
it acquired the name the Fermi golden rule.* For exam-
ple, on the basis of this rule (but not only because of it)
weak interactions in high energy physics were selected as
a separate force in nature.’ Pictorially what the rule says
is that a resonance can only be formed if the system
makes a transition from one open channel into the closed
one and back into an open channel.® Therefore, formation
of a resonance is a two-stage process, which is reflected in
the relationship between the width of the resonance and
the magnitude of coupling between the channels.

That this rule may not always hold true will be shown
here. We will show this with the example of special reso-
nances which are formed in atom-surface scattering.
However, this example is not the only one. Analogous
circumstances are, for example, met when the electromag-
netic waves are scattered on a planar array of metal
spheres, arranged in a regular pattern (for instance, rec-
tangles) and immersed in a dielectric medium. The dielec-
tric medium has a certain thickness above the plane and
plays the role of an attractive atom-surface potential.
Another circumstance in which this rule does not hold
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true is the case of elastic collisions of two particles, when
zero-angular-momentum resonances are formed.”®

As we have said, we will describe these resonances with
the example of atom-surface collisions.” However, be-
cause of the specific nature of atom-surface collisions, we
will briefly outline the main points of the theory. Typical
of atom-surface collisions is that atoms are scattered on a
potential which is periodic in the surface plane. There-
fore, if the z axis is perpendicular to the surface, the po-
tential can be written in the form of expansion

Vix,y2z)=7, e'om* +iG"'vV,,,,,,(z) ,

m,n

(1.1)

where G,,, and G,, are the inverse lattice vectors, defined
by
21 27

Gp,=— )an— ’
m=g " b "

where a and b are the lattice constants. The form of (1.1)
implies that the scattering wave function is also periodic
in the x and y direction and that it has the expansion

ik x +ik y iG, x+iG,y
w(xny’Z):e * 7 2¢m,n(z)e " ",
m,n

(1.2)

(1.3)

where k, and k, are projections of the initial wave num-
ber (momentum) of the atom on the x and y axes, respec-
tively.
The Schrodinger equation for the atom-surface system
is
[T+Vxy2)Yy=Ey,

where T is the kinetic energy of the atom. When 9 is re-
placed by expansion (1.3) we obtain a set of equations for
@®m,» Which has the form

‘prlrlt,n = "‘[kz_(kx +G,, )2_(ky +G, )2]¢m,n
+ 2 Vin —m',n—nZ) P -

m',n’

(1.4)

The set of equations (1.4) when solved for the following
boundary condition at z— o,

— ikl ikz("‘""‘)z

¢m,n(Z)~e Sm,m’;n,n' ’ (1.5)

m',n’

describe the scattering of the atoms on the surface. The
values | Sy, mi.nn |2 give transition probabilities from the
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channel (m,n) into the channel (m’,n’). The Z com-
ponent of the wave number (momentum) is
(k"™ =k*—(ky+Gp)*—(k,—G,)?, (1.6)

where k is the initial wave number (momentum). For
simplicity we will from now on omit the indices (m,n) of

-

The structure of Egs. (1.4), together with the boundary
condition (1.5), is very similar to the multichannel equa-
tions appearing in many other problems such as electron-
atom, atom-atom, atom-molecule, nuclear, and even
high-energy collisions. However, the meaning of channels
is slightly different in atom-surface collisions; here the
two indices of a channel are associated with different dif-
fraction peaks, while usually different channels are associ-
ated with different states of a system (e.g., electronic
states of molecules, different particles, etc.). Conceptually
there is no difference, except that in the atom-surface col-
lisions one should take care when trying to interpret cross
sections; they have meaning for the intensity of diffrac-
tion peaks and not the intensity of scattered particles in
different directions.

The position of diffraction peaks is easily obtained by
evaluating the current of particles

j~Im(y*Vy) , (1.7)

where ¢ is (1.3) and ¢,,, are asymptotically given by
(1.5). We obtain for the current of outgoing particles in
the channel (m,n)

—

Jmn~kx +G )X +(ky+G, )9 +k,2, (1.8)

where X, 7, and Z are unit vectors along appropriate axes.
It means that G,, and G, represent components of a pseu-
domomentum in the x-y plane, which scatter the initial
momentum K into another direction, while at the same
time preserving its modulus [k, is calculated from (1.6) so
that this is always true]. This is a pictorial way in which
we can obtain the position of the diffraction peaks using
vectors. In the special case when m =n =0 the diffrac-
tion peak is at the position where atoms are scattered by
simple reflection, as on a mirror. Because of its unique
position, this peak is also named specular. All other
peaks are obtained with respect to the specular, by
evaluating the vector (1.8).

One can show that only a finite number of diffraction
peaks are observed, but an infinite number of them give
imaginary values for k,, therefore they are not observed.
The meaning of these channels is the same as in the other
multichannel scattering; they represent closed channels
and are only meaningful when atom-surface potential has
attraction. In such a case the atom may form a bound
state in a closed channel if its energy coincides with the
energy of one of the bound states of the potential. Of
course such a bound state will not have infinite lifetime,
because the atom has the possibility to “get out” into an
open channel. As a result we will observe a rapid change
of intensity of diffraction peaks in the neighborhood of
the collision energy when in one closed channel such a
bound state is formed. Since the bound states of potential
are discrete, it is obvious that resonances are observed for

discrete values of collision energy.

Let us, for simplicity, restrict our discussion to reso-
nances in the specular peak. As we have mentioned, a res-
onance will be observed in the specular peak ES

=(kyyky,kz,), if the initial momentum Ko=(k,k,,

—kj,) is deflected by Go=(G,,,G,, ) into the channel (or
diffraction peak)

:?=(kx0+Gm0)£+(ky0+Gno)j;‘+kz£ (1.9

and subsequently deflected into the specular peak. In the
channel (1.9) k, is imaginary, therefore K does not have
the meaning of the position of the real diffraction peak.
We have written  in the form (1.9) so that we will better
understand the properties of coalescent resonances. k, for
a resonance should be equal to

ki=—k}, (1.10)

where — k7 is the energy (in units of wave-number
squared) of bound states of the atom-surface potential
Vo,0 [see Eq. (1.4)].

From Eq. (1.10) we obtain the values of k, and k, for
which the resonance is observed in the specular peak. It is
obvious from the definition of k2 in (1.6) that there is no
unique solution of (1.10), and that there is a whole range
of values of initial ky, and kj for which the same reso-
nance is observed [we will talk about the ‘“‘same reso-
nance” when for a class of resonances the condition (1.10)
is satisfied for a given éo]. Therefore, one component of
K in the x-y plane should be arbitrarily chosen (for in-
stance, kyo), while the other (k, 0) is obtained from (1.10)
and (1.6). We obtain two solutions

kxo:—Gmoi[kz_i—kl%——(kJ’o+G”O)2]1/2’ (L11)

which means that there are two values of kxo (for the
given values of k? and ky,) for which the atom can be
trapped in the bound state of energy — k7, when it is scat-
tered by momentum Gy [of course, if the square root in

(1.11) is real]. Therefore, the same resonance appears in
the specular peak for two values of kx,, when k, is

chosen arbitrarily; the coordinates of one specular peak
are (kx';,kyo,k;') and of the order (k; .k, ,k;”), where
k,‘iO refers to one of the values in (1.11) and

kgt =[k*—ky — (k2172 . (1.12)

If one (or all) of the values in (1.12) are imaginary, then
the corresponding specular peak is nonphysical and only
one (or none) will be observed. In what follows we will as-
sume that both specular peaks are physical.

Let us now assume that for a given ky, we scan kx, [k,
for the specular peak is then uniquely determined from
(1.6), when Gy=0] and follow the specular peak by
measuring its intensity. Then at the two positions, given
by (1.11), we will observe a resonance, which is formed in
the channel G,. In fact we observe the same resonance
which appears at two different locations. When we now
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take a different value for k},O it is obvious that the loca-

tion of the two resonance peaks will be different. Howev-
er, there is a particular value of ky, for which these two

resonance peaks will merge and this is when in (1.11) we
have

2
k*+kj—(ky 4Gy =0 .

In such a case we talk about the coalescence of two reso-
nances and this effect will be studied in this paper. As
will be shown, the properties of coalescent resonances can-
not be easily explained in terms of the classical resonance
theory. We will also show that the Fermi golden rule does
not apply for them.

In all our discussions we have implicitly assumed that
coupling between channels is weak, in which case location
of resonances is determined from Eq. (1.10). In the rest of
this paper we will therefore use the perturbation theory.
However, it is believed that the properties of these reso-
nances are the same when coupling is strong, but then one
should use a different scheme for their study.

In the preceding discussion we have used the Cartesian
coordinates for momentum k because of their simplicity.
In practice, it is more convenient to use the polar coordi-
nates k, 6, and ¢, where k is the modulus, 0 is the polar
angle, and ¢ is the azimuthal angle of K. In such a case
the channel energy (1.6) becomes

kZ=k2cos’0—G>—2kG sinfcos(¢ —dpg) =K% ,  (1.13)

where

G =(G:+GH'? ¢s;=tan"YG,/G,,) . (1.14)

Equation (1.10) now has a solution in one of three vari-
ables k, 6, or ¢, but in our discussion we will assume that
6 and ¢ are given and k is calculated. In such a case we
find two solutions for k,

kot[kd—(k}—G3)cos?0]'/?

cos?6

ki,= (1.15)

where

ko=Gsinb cos(¢ —dg) . (1.16)

The meaning of two solutions for k is that for a given po-
sition of specular peak, determined by 6 and ¢, the same
resonance in the channel GO is observed for two values of
k (or energy) if both k , are positive. However, when in
(1.15) the square root is zero, the two resonance peaks
merge into a single one, which happens when

1

cosf, =—(kZ—G3)'"?,
ko
. " (1.17)
cos(d, —dg)= G—bz—l cot(6,) ,
0

where k, has arbitrary value, which depends on our
choice of initial energy for which we want to observe the
coalescence of two resonances.

II. PERTURBATION THEORY OF COALESCENT
RESONANCES

In order to understand the nature of coalescent reso-
nances we will use the perturbation theory. It has already
been used in the zeroth order in the Introduction in order
to explain the source of such resonances, but their proper-
ties can only be derived when coupling between channels
is introduced. There are several approximate perturbation
schemes which can be used for this purpose, but we will
use the one which has been developed as a general pertur-
bation theory of resonances.'®

It is very convenient to represent a resonance by a com-
plex pole in k of the S matrix (it should be recalled that k
was defined in the Introduction, and was assumed to be an
independent variable). This pole is also a root of the
equation!?,

F(k)=det[J(k)]=0, 2.1

where J is the Jost function (in fact a matrix, but for con-
venience we will refer to it as a function) for the set of
coupled equations (1.4). If we replace the off-diagonal
elements of VE g by GVE;' _an where 0<e< 1, then
(2.1) is also a function of €. Therefore a root of (2.1) will
also be a function of €, so in general we can write

2
k;G)=k§)G)+ek(lG)+£2-k(zG)+ cee (2.2)

where kl(,G) is the root of (2.1). In the limit e—0 its value
is given by (1.15).

The coefficients in (2.2) can be calculated in a closed
form,!” but this procedure, in the case of the coalescent
resonances, cannot be applied for the reason which will
become apparent later. Instead we must slightly modify
the set of equations (1.4). We first calculate k from (1.13)
when we obtain

ko+[kd+ (k& +G?)cos20]'/2
1,2~

cos?6 ’ @3)
where k=G sinf cos(¢ —ds). Although k is not unique,
we can choose one of the values in (2.3) and replace k in
all other channels in (1.4). The set of coupled equations
now becomes a function of K; and the controlling param-
eters (by the controlling parameters we mean the variables
0 and ¢, which are fixed when k is scanned). Because of
this change we no longer look for the roots of Fin k but
in the variable K . . Hence (2.1) is '

F(Ka;E)ZO (2.4)

and the expansion (2.2) becomes

€
2

As it has been shown, ' if the perturbation 6V6 g is an

K%’ =K(%)+€K(—c1;+ K%’+ cee (2.5)

off-diagonal matrix, and K’ is not degenerate (i.e., there
is no other G’, for which K (_Oé) =K (%) ,), then

K&'=0. (2.6)

Hence to the second order in €
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2
K2 =K'+ EZ—K%> , 2.7
where K&’ is complex.

However, in the vicinity of a resonance, the S matrix is
parametrized as

S B

~—r +b (2.8)
(G) 4
k —kf

where B is the matrix of residues and b is the matrix for
background scattering. Therefore the variable K¢, for
which we have found expansion coefficients in (2.7), does
not enter explicitly the parametrization of the S matrix,
but the variable k;G), for which these coefficients have to
be found. These coefficients are found by calculating the
channel energy K& in (1.13). For K; we take expansion
(2.7) and for k we take expansion (2.2) and compare the
coefficients of the like powers in €. For example, the
coefficients with the power €° give

ke =k, , 2.9)

where k;, are given by (1.15), if we assume that
K¥ =ik,. Comparison of coefficients of the order e
gives

0=k{9[2k, ,c0s’0—2G sinfcos(p— )],  (2.10)

where k;, designates one of the values from (1.15). It
follows from (2.10) that

k9 =0 2.11)

if the term in the bracket is nonzero. The bracket is zero
for

G sinf cos(¢p —dg)
kl =

; (2.12)
cos 6
and this is just the value of k; and k,, when two reso-
nance peaks merge into one [see Eq. (1.15)]. Therefore,
for two resonance peaks, when they are not close, the
first-order perturbation coefficient in (2.2) is identically
zero. But when two resonance peaks merge into a single
one, this coefficient is nonzero. Its value, for such a case,
can be obtained by comparing the coefficients in (1.13) of
the second order in €. We get

2iky, K =2(k§ )’cos’0
+2k59[ky ,c08’0—G sinfcos(¢—dg)]  (2.13)

and for merged resonances the last term in (2.13) is zero.
Therefore

iky K& =(k\%)cos?0 (2.14)

from which we find the explicit value of the coefficient
k'® in (2.2). When two resonance peaks are well separat-
ed then the second-order coefficient k5% is

ik, K$

k(G)=
2 2 . ’
ky,,c08°0— G sinf cos(¢ — )

(2.15)

in which case the perturbation series (2.2) is similar in
structure to the series (2.7), i.e., the second-order term in €
is the leading correction in the perturbation series.

Using these formulas we can now analyze in what way
the coalescent resonances are different from the other type
of resonances. When two resonance peaks are well
separated, their positions are approximately given by

ky @~k +5k5 (2.16)
where k(% and k5% are given by (2.9) and (2.15), respec-
tively. Since the width and the resonance shift are
contained in the second term in (2.16), they are of the
second order in €. Therefore, in this respect there is no
difference between these and other types of resonances.
However, it should be recalled that k\°’ and k3%’ have
two values, depending on whether we choose the plus or
minus sign in (1.15) [see Egs. (2.9) and (2.15)] and these
two values correspond to two resonance Peaks. If we take
the plus sign in (1.15), i.e., we take kOG)zkl in (2.16),
then the appropriate resonance is described by the pole in
the lower half of the k plane. This follows from the fact
that Re(K$) is negative'® and that the denominator in
(2.15) must be positive [see Eq. (1.15) and the discussion
which follows]. On the other hand, if we take the minus
sign in (1.15) [k® =k, in (2.16)], then the denominator
in (2.15) is negative and the appropriate pole of this reso-
nance is in the upper half of the k plane. In this respect,
properties of these resonances are different from ordinary
resonances, which are described by the poles from only
one half of the k plane (lower half).!

The value of k\C and k5% in (2.16) is a function of the
controlling parameters, defined earlier. Therefore, when
these parameters are varied, the two peaks move in two
different parts of the complex k plane; one in the lower
half and the other in the upper half. However, depending
on whether k, in (1.15) are real or complex, we distin-
guish two domains of the controlling parameters: in one,
the two values k;, are real and in the other, they are
complex. In the first domain and when two resonances
are well separated, the movement of the appropriate poles
is accurately described by (2.16). In the second domain,
when the magnitude of the imaginary parts of k,, is
large, the position of the poles is also very well described
by (2.16). However, in the transition region, when
k;~k,, we cannot use the estimate (2.16) and instead the
position of the poles is given by

KO kO 1 k(O @.17)
where k{% is given by (2.14). In this way we can follow
the movement of poles in the whole range of definition of
the controlling parameters.

The pictorial meaning of Egs. (2.16) and (2.17) is the
following. When the controlling parameters are in the
domain when k; and k, are real, movement of the poles
is on the opposite sides of the real K axis. As the control-
ling parameters make transitions from one domain into
the other, the two poles “collide,” repel each other, and go
into the complex k plane in opposite directions. After
“collision” one pole is approximately the complex conju-
gate of the other pole.

From such behavior of the poles we can make a qualita-
tive assessment of how the resonances will be observed in
diffraction peaks. When k, , are real and well separated,
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then resonances will be observed separately. As the con-
trolling parameters approach the transition region of their
two domains, the width of resonances will get wider ac-
cording to the estimate (2.17), until the point when two
resonances merge together. They only seemingly merge
together because, as we have mentioned earlier, their cor-
responding poles are well separated in the complex k
plane. But, because the real parts of these poles is nearly
the same, the two resonances will be noticed as a single,
very broad resonance. The width of this resonance is
much larger than the width of the separated resonances
and in order to give it a name we will call it a “giant reso-
nance.” It is exactly the width of the giant resonance
which distinguishes the coalescent resonances from the
other type of resonances. This point we will discuss in
more detail after we give a few examples of coalescent res-
onances.

III. EXAMPLES

We will demonstrate here the effect of coalescent reso-
nances on the intensity of diffraction peaks. We will
show this on the model calculation with five channels
(0,0), (1,0), (0,1), (—1,0), and (0,—1). For diagonal ele-
ments of the potential matrix we take

—19.28A72 Z<2A=2Z,

Vv

0

while all coupling matrix elements are nonzero and equal
to

(1A% z<z,
o, z>2z, (3.2)

except the elements which couple channels (1,0),( —1,0)
and (0,1),(0,— 1), which are zero. The potential Vﬁ. sup-

ports three bound states, k1 =—2.4077, k3= —11 4602,
and k3=—17.2986 A For the lattice constant we
have taken a =2.84 A.

For such potential the set of coupled equations (1.4) can
be solved in a closed form and the S matrix, for the spec-
ular intensity, is'!

S q=ﬂ , (3.3)
0,0 F(K)
where!3
FK) =e"" T det[ Up cot(Z,p) T —iK] (3.4)
and
P=UK?>-WV)U . (3.5)

K? is the diagonal matrix of channel energies, V is the
potential matrix, and U is the matrix which diagonalizes

— V. In the expression (3.3) the meaning of f(— K) is
that the wave number K, in f(K) is formally replaced by
- KO .

The easiest way to look for the coalescent resonances is
by taking the same arbitrary value of k, which is equal to
the position of the giant resonance, i.e., k =k, =k,,
where k,, are given by (1.15). Then we check whether

for this value of k there is — k? for which we can find the
appropriate values for 6, and ¢., given by (1.17). If the
equations (1.17) have solutions, then this will be the ap-
proximate position of the giant resonance in 6 and ¢. If
the same equations do not have solutions for any — k7,
then we must take another value for k In our particular
example we have taken k =6.5 A1, in which case for
the bound state (0,1;2) (Ref. 14) we find solutions of (1.17)
to be

6,=66.784°, 6,=60.212°. (3.6)

The dependence of these poles and resonances on the con-
trolling parameters has been shown separately'> and here
we will only summarize the essential results. Movement
of the poles is very well predicted by our approximate
method (Fig. 1 of Ref. 15). Their trajectories are indeed
in different parts of the complex k? plane and are of hy-
perbolic shape.

Behavior of the corresponding resonances in the specu-
lar peak is also well described by our qualitative argu-
ments (Fig. 2 of Ref. 15), however, the giant resonance is
formed for slightly larger values of 6 than predicted by
(3.6). This is understandable since (3.6) was obtained
from an approximate treatment of resonance position.
Apart from this, we notice the increase in width of the
coalescent resonances as they approach each other. At the
moment when they form the giant resonance, they are
much wider than when they were separated.

Such simple behavior of coalescent resonances is not al-
ways found. For example, when k =7 A-'and

6. =59.793°, ¢.=22.06° (3.7

in addition to the two poles which correspond to the
coalescent resonances and have source in the bound state
(0,1;3), in the vicinity there is a third pole which corre-
sponds to the bound state (0,1;1). This pole is there by ac-
cident, but its presence has a very interesting effect on the
coalescent resonances, described in Ref. 15. However,
even in such a case one observes formation of the giant
resonance, although for slightly different values of 6 than
predicted (see Fig. 4 of Ref. 15).

IV. DISCUSSION

We have shown properties of a special type of reso-
nance which we called the “coalescent resonances.” They
are found in atom-surface collisions and they come in
pairs. The major feature of these resonances is that their
resonance energy depends on the controlling parameters,
i.e., the polar angle 6 and the azimuthal angle ¢ of the
specular peak. For some specific value of these parame-
ters they merge together, while at the same time their
width increases. We showed that this merger is not real
because the appropriate poles of the two resonances move
in different parts of the complex k plane. However, the
fact remains that their width in diffraction peaks changes
and it is exactly this feature which makes the coalescent
resonances different from the other type of resonances. In
order to see this, let us recall some aspects of the inelastic
resonance phenomena.

The set of multichannel equations (1.4) is a typical
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representative of equations which describe inelastic col-
lisions, e.g., nuclear,'® atomic and molecular,!”!®
electron-atom,'® etc., which we will call generally the
“particle collisions.” Such a unique way of describing dif-
ferent processes will be reflected, among other things, in
the fact that many properties of resonances will be com-
mon for all these systems. However, in one respect atom-
surface collisions are fundamentally different from any
other type of collisions and this is in the structure of the
channel energy (we disregard the fact that also the centri-
fugal term is missing). In the particle collisions the chan-
nel energy is given as a difference E, =FE —¢, between the
collision energy E and the threshold energy €, of a partic-
ular channel, while in atom-surface collisions the form of
channel energy is more complicated. Therefore in particle
collisions there are no controlling parameters, as in the
case of atom-surface collision, because the channel thresh-
olds €, are fixed quantities.

The approximate position of resonances is obtained by
first decoupling the channel interaction and making one
of the channel energies equal to the energy of a bound
state of the channel potential (in our discussion we treat
only Feshbach-type resonances). Therefore in particle col-
lisions E .= —E,+e€, is the resonance energy, where
— E,, is the energy of the bound state b in channel n. The
appropriate wave number of this resonance is
ks =+(—kZ+X)!"2 1t is obvious that only the plus sign
has meaning. Therefore in these cases we never observe
the pair of resonances which correspond to the same
bound state and in the same channel. In atom-surface col-
lisions, as we have seen, this pair is observed as coalescent
resonances. If coupling between channels is now included,
then — ki becomes complex [arguments for this are the
same as in the derivation of (2.4) and (2.5)], where the
complex part is of the order O(e?) in coupling. There-
fore, near a resonance the S matrix parametrizes as

s B

~T3
k —kres

9

+b

and its width is of the order O(€?), even when X, =k,.

The reason why this is the case for resonances in particle
collisions is that the point of coalescence of these reso-
nances coincide with the threshold (i.e., kK =0) while for
the coalescent resonances this point can be for some
nonzero value of wave number. Therefore in collisions
where channel energy is given by E —¢,, the broadening
effect of resonance cross sections can never be observed
and the width of resonances in particle collisions is always
second order in €. This law is quite general and in its sim-
plest form is known as the Fermi golden rule,* which has
found very broad application, ranging from particle phys-
ics to atom spectroscopy.

The rule that the width of resonances is second order in
coupling also applies to degenerate resonances, although,
as it has been shown,'© the perturbation coefficient of the
order € is nonzero. However, this coefficient contributes
only to the level shift and not the width, which is for de-
generate resonances also second order in coupling.'”

Therefore, the broadening effect of the coalescent reso-
nances is something unique to them, although the same
effect was found, to a certain degree, for the zero-
angular-momentum (ZAM) resonances.””® Broadening of
the width implies shorter lifetime of the resonance; how-
ever, it is not a priori clear that this is really what happens
for the coalescent resonances. Usually, shorter (or longer)
lifetime means a change in the dynamical properties of
the system, e.g., change in the coupling strength between
the channels, but the broadening effect of the coalescent
resonances is of a kinematic nature, i.e., it only depends
on the value of the controlling parameters. Therefore,
there is no reason why the lifetime of these resonances
should be shorter. Of course, these are only qualitative
and nonrigorous arguments and therefore a more
thorough study of this effect is needed.
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