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The response of a system with three levels (E;, E,, and Ej3) to an alternating field with har-
monics wgy = (Eg—E{)/H, wy = (E,—E;)/h, and wg = (E3—E,)/h is examined. An expres-
sion which can be used in the theory of quantum oscillators or amplifiers, is derived for the
dielectric constant (or magnetic permeability).

MUCH attention has lately been paid in radio spectroscopy to various kinds of quantum-mechanical
amplifiers and oscillators (see, for example, Refs. 1 —10). One proposed system employs three para-
magnetic-resonance energy levels Y 1t is therefore interesting to consider the effect of an alternating
high-frequency field on a system with three energy levels.

Let the system considered have levels Ej, E,;, and E; and let E; < E, < E;. Furthermore, let the
system be under the influence of high-frequency field F, whose spectral expansion includes harmonics
with the following frequencies:

Wy = (Ey — E})[h; w3y = (Es — E1)/h; 045 = (E3— E,)/h.

It is the aim of this work to investigate the behavior of the system in the presence of such a field.
The system can be described with the aid of an density matrix p. The latter obeys the equation
0 i 3
3 = —% (Ho—pH) + &, ¢}
where H is the Hamiltonian of the system in an external field, 6 p/6t is the change in the density matrix
resulting from various kinds of relaxation processes. If the relaxation is due to collisions in a gas, it is
possible to show (see, for example, Ref. 11), that

3p /8t = — 1 (p — py)s (2

where T is the relaxation time and p, is the density matrix in the equilibrium state. Obviously, a similar
equation describes the transition to the equilibrium state in paramagnetic systems (see, for example,
Ref. 12). Thus, collecting (1) and (2), we get

Op/ 0t = — (i /&) (Ho — pH) — ™ (p — p,). (3)

This equation can be readily generalized by considering that in radio spectroscopy, generally speaking,
two relaxation times 7, and T, are used. Here T7; corresponds to the relaxation of the system level
population, and T, is the relaxation of the average dipole moment of the system, i.e., on the average,
within a time T, the diagonal elements of p go into p, in the absence of a field, and within a time T, the
average dipole moment of the system becomes equal to zero (i.e., the non-diagonal elements of p vanish).
Our generalization will then be that the quantity 171 (p — pg) of Eq. (3) is a matrix of the form

r"71_.1 (6 —po)nn form=n (4)

[T-l - mn =
(¢ =) i"g_l(P_Po)mn for m <= n.

In the presence of an alternating electrical or magnetic field, the Hamiltonian of our system is
H=H,—upF(t), (5)

where p is the electric or magnetic dipole moment (and accordingly F is either an electric or a mag-
netic field). In a representation in which the operator H, is diagonal and has eigenvalues E;, E, and
E;, Eq. (3) becomes
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where m, n, =1, 2, 3; wyy = (Ep —E)/A.
We shall seek a solution of these equations for

F = Fg3,c08Qg,t + Fgq cos Qgyt 4 Fyy cos Q,,
where
Qg1 =~ 0315 Qg = 305 Qoy = 0393
Using condition (8) and introducing
Dmn = pmm — prny  Domn = Pomm — Oonn »
we obtain the approximate equations

0 mn

. — i .
ot + iOmnpmn + T2 ! (Pmn - Pomn) = 'il"'m’lFD'"’"

6_(_)1# + “1_1 (D12 — Dgy2) = "{ F [2 (112p21 — Praber) + (1sPs1 — Pists1) — (123ps2 — Pasitse)]s

aD - i
‘(T“ 1 1 (D13 — Do13) = ;T F [2 (13031 — P13ts1) + (p12P21 — Prokier) — (1g2P23.— Pa2ttes)];

aD — i
aT” 71" (Dag — Do) = % F [2 (123032 — Pastse) + (B21p12 — paattse) — (Bs1P1s — Partis)]-

We shall seek solutions of (10) —(13) in the form*

omn = P €XP {iQumat} + ) exp {— iQunt} (Qrn = Qum), m £,
D .n = const.

(6)

N

(8

(9

(10)

(11)

(12)

(13)

(14)
(15)

We neglect here the higher harmonics and non-resonant terms, which is fully justified if condition (8)

is taken into account.
Since the equilibrium matrix p, is diagonal, we obtain from Eq. (10)

PS/?:A) = (i [ 2k) F malt mnDmn [ [{ (0mn 4= Qemn) + 12—1];
Here F,n =Fpm. From (11) —(13) and (16), using again condition (8), we get

Diq (1 4 2v39) — Dagas + Distis = Doras
— DiaY1z + Das (1 + 2733) + DyaT1s = Dyess
Di2Y12 + DagYes + Dia (1 4 2713) = Dyyss

where

Trn = Foon [tmn P11 20" [(Omn — Qma)?® + 577
From Eqgs. (16), (17), and (18) we get
1
Dy, = N [Do1z (1 4 273 + 2'{13 + 3Y23T1s) — Dgis13 (1 4 3723) + Dyasyas (1 + 3T13)],

1
D;3 = - [Doas (1 4 212 + 2713 + 3715T12) — Dorsts (1 + 3712) + DoreTaz (1 4 3115)],

1
Dy; = i [Dols (14 2T12 +2Tzs + 3T12T23) —_— Doza‘{za (1 + 3'{ 12) — Dolz“hz I+ 3‘{23)]’

[D — Dg1av1a (1 + 3v12) + Daravrz (1 + 3v1s) ] (0’32 — Qu + l_)

o) = Foaaprse 02 1+ 2vi2 + 2v13 + 3Y1aYi2 T2

oo Qa0)2 + 72 + Fiy gy Py 2+ 3712+ 371s \,
(@0 — Qo) + 7, 2K2 ( 1+ 2v12 + 2v13 + 3y13712 /

*The transient process will not be considered.
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Do2syss (1 + 3v12) + DpraYie (1 + 3v2s) i
D, DosYas 0 -0 A
p:(;;.—) — Fraua [ oL 1+ 2v12 + 2v93 + 3v12Yes @1 o+ Ta (23)‘
@ (03— Qu)? 4+ 772 + Flgltys Frymy ! ( 2 + 3y12 + 3vas )
31 31 2 2h? 1 4 2v12 + 2723 + 3v12Y28

D (1 + 3vs3) + Dosgyas (1 + 3v1s) i
Doyo— 2018713 o ‘] —0
(—) __ Fiops [ o2 1TF 2v13 + 2Y23 + 3YisYzs ("’21 21+ o
Po1” = 2h -

— Flug, |2"112—1 2 + 3yi3 + 3vos ! (24)
(091 — Q1) + T, 2 5D (1 F o T 2ris T Bvieves )
where
A=142(r12 47+ T13) + 3 (Y1213 + 12713 + Yes718)» (25)
Drnn = — Dams pin = (plim) *- (26)

The last equality follows from the fact that the matrix p is Hermitian.

In addition to the quantities (22) —(24) and their complex conjugates, there is a whole series of quanti-
ties, such as p("), p( '), etc., which can be neglected in this approximation.

With the solution z)zbtained it is possible to find the average dipole moment of the system using

3
P =Sp (PI'L)E 2 Pmnlnm (27)
m, n=1
to calculate the dielectric constant (or magnetic permeability) at the frequencies Q34, Qy4, and Qg,, and to
obtain the absorption coefficient at these frequencies.
Let us derive the corresponding formulas for resonance at the frequency Q3,. Analogous formulas are
obtained for other frequencies. The average dipole moment per unit volume* (polarization vector) at Qj,
has the form

Pgy= i3 'tos €Xp {—iQunt}+ 053 'paa eXp{iQsat}= Re (2647 o5 €xP {— iQuot}) (28)

(The remaining terms give a negligibly small contribution at the frequency Qg,). On the other hand,
the complex dielectric constant + is determined through the complex polarization coefficient k :

e =14 4nx, (29)
where k 1is determined from the relation
Py, = Re (xFygexp {— iQy,t}). (30)
Using Eqgs. (22) and (28) — (30) we get
Daisvis (1 + 3v12) — Daravie (1 + v1s) _ A
(=) | ttog | [Dozs—' 1+ 2v12 + 213 + 3vi3712 ] ("’82 Qs + 72)
3‘=l+4ﬂ'2932 P23/F23=l+475 % 2 B 1 . (31)
Qup)? 4% + Fosltgy Ty Ty 24 3v12+ 33
(@0 — Oaa)? + 7 2h3 T 2v12 + 2718 + 3715712

The absorption coefficient a is determined from (see, for example, Ref. 11)

[D 28 Doravin (1 4 3v12) — Dosyre (1 + Y10) ]1,-—1
4 3 028 ™ 1+ 2 2v1s + 3 2
o= (47Qg, [¢) Im» = s [_“";3_‘- ': Yz -i— El Y1812 .
c ( — On) 2 + f23 “’-32 | T\ Ty 2 + 3v12 + 3718 (32)
o * 2 2h* 1+ 2v15 + 2v18 + Y5712

* We shall assume henceforth that the p’s are normalized to unit volume.

tTo be specific, we shall talk of a dielectric constant, even though all the formulas obtained are
equally applicable to the magnetic permeability.
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We see immediately from (32) that by proper choice of ;3 and vy, (or one of these), i.e., by choice of
the fields Fy3 and Fy,, it is possible to obtain negative absorption at the frequency Q3,. In this case this
system can operate as an oscillator or amplifier, It is necessary for this purpose that the following condi-
tion be satisfied.

_ Dpisyis(1 + 3v12) — Doravre (1 + v19)
[Dogs 1+ 2v12 + 2715 + 319722 ] <0. (33)

Let us consider the case when vy;y = 0, i.e., the field F;, = 0. Then Eqs. (31) —(33) become

e=1+4 41:{ t23 |* [Doss — Dorsyis / (1 + 2y15)] (092 — Qao 4 i / T2)
- i3

72 Py ’ (31a)
(a2 — Qa2)? + 752 + 2 l “221;{21112 f -It gg:
€= 4rcQgq | Mog |2 [Do2s — Dgrstis / (1 + 2v18)] ‘72_‘
=T Tk F2 | w., [>T 7 ! (32a)
(03— Q2)* + 752 + = !"9,22‘;31112 f .T_ zzl:
[Dg2s — Dg1s113/ (1 4 2115)}1 < 0. (33a)
The last inequality can be satisfied if
Dyss— D15 /2 <0. (33b)
Let us note that (33a) changes into (33b) if
211> 1. ‘ (34)

Taking it into account that Dyyg = pgag — P33 and Dyy3 = Pog1 — Po3g» condition (33b) can be written
Pozz < /2 (Po11 + Poss)- (35)

It is now easy to understand the presence of negative absorption at a frequency Qg,. In fact, let the
equilibrium level populations pg,, Po11, and pgg3 satisfy the condition (35).*

A sufficiently strong field Fy3 can then saturate the populations of levels 1 and 3, i.e., in the presence
of field Fy3 the populations of levels 1 and 3 become equal to ~ (%) (Po1y + Po3z). But since condition (35)
is satisfied, this means that at the upper level 3 the population is greater than at the lower level 2. In
that case the field F,; induces emission at a frequency Q3 ® wj, instead of absorption. This is pre-
cisely negative absorption.

The square brackets in expressions (31), (32) and (31a), (32a) play the role of the differences in the
populations of levels 2 and 3 in the presence of the field. These differences are negative under conditions
(33) and (33a).

Let us note that with the aid of formula (31) it is possible to obtain directly the amplitude and fre-
quency of the steady-state oscillations of the generator, as well as the gain of the amplifier. For this
purpose it is necessary to substitute the real and imaginary parts of (31) into the corresponding formulas
of the theory of the molecular generator and amplifier (see, for example, Ref. 1).

The author is indebted to Professor V. L. Ginzburg for reviewing the article in manuscript form and
for comments.
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It is shown that the production of energetic nuclear fragments in collisions with fast nucleons
can be interpreted in terms of collisions of the incoming nucleon with the density fluctuations
of the nuclear matter.

1. INTRODUCTION

THE motion of nucleons in nuclei can result in short-lived tight nucleon clusters, in other words, in
density fluctuations of nuclear matter. Since such clusters are relatively far removed from the other
nucleons of the nucleus, they become atomic nuclei of lower mass in a state of fluctuating compression.

In their study of the scattering of 675-Mev protons by light nuclei, Meshcheriakov and coworkers!?
observed recently certain effects which confirm the existence of such fluctuations, at least for the sim-
plest nucleon-pair fluctuations, which lead to the formation of a compressed deuteron.

We recall in this connection reports in earlier works®*# that high-energy nucleons can split nuclei into
“supra-barrier” fragments, i.e., fragments with an energy much larger than their binding energy and the
energy of the Coulomb barrier. However, there was a lack of quantitative experimental data on which to
base the theoretical analysis.

Some authors related this curious process, without foundation, to hypothetical long-range nuclear for-
ces. Others tried to connect it with nuclear many-body forces.

The experimental data on the emission of high-energy deuterons from light nuclei give support to the
idea that “supra-barrier” fragments are produced also by direct collision of an incoming nucleon with
a tight nucleon cluster that results from density fluctuations of the nuclear matter. We offer in the fol-
lowing a quantitative argument in favor of the production of fast deuterons and other “supra-barrier”
fragments by such fluctuations.

Concerning the nuclear many-body forces, it should be noted that, according to existing estimates,’
there is no reason to believe that they are considerably stronger than the two-body forces. At the instant
of dense clustering both paired and collective interactions may take place. However, at present there
exists no experimental information which would allow an explanation of this interaction, or in particular
allow a determination of the relative contributions of the paired and the collective interactions.

2. INTERACTION OF DEUTERONS WITH FAST PROTONS

It was shown experimentallyl’2 that scattering of 675-Mev protons by deuterium produces, in addition to
scattered nucleons, a small number of undestroyed deuterons of high energy (up to 660 Mev). This shows
that in such collisions the nucleon imparts an appreciable fraction of its momentum to the deuteron as
a whole.
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