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Abstract. Using a resonant detector inddsbauer spectroscopy can result in a spectral linewidth
that is 146", whereT is the linewidth of the excited-state nuclear level. As is well known,

the minimum linewidth obtained in conventionaldgsbauer experiments i$°2 The quantum
mechanical calculation using a nuclear resonant detector, which predicts this result, is presented.
The fundamental equations describing the system are solved by means of perturbation theory in the
frequency domain. The model system is taken to consist of a source nucleus, an absorber nucleus,
and the resonant-detector nucleus. As noted, the minimum linewidth obtained @ssbauier
spectrum taken under these conditions is found to be appreciably smaller than the linewidth obtained
in a conventional Mssbauer set-up. Thus the conversion-electron, resonant-detector scheme may
be used to advantage in experiments requiring the highest possible energy resolution.

1. Introduction

A conventional Mdssbauer-effect apparatus [1] consists of a radioactive source, an absorber
containing the same type of nuclei in the ground state, and a radiation detector such as a
proportional counter. One measures the transmitted gamma radiation as a function of the
relative velocity of the source with respect to the absorber. It is well known that the minimum
linewidth obtainable in such a conventional transmissiamstbauer experiment is twice the
natural linewidth of the excited state. In this paper it will be shown that another experimental
set-up will lead to a linewidth that is actually smaller. In experiments requiring the highest
possible energy resolution, this approach may prove useful. The difference, between the
proposed experimental set-up and a conventiondsd¥auer set-up, is due to the nature of

the detector. Instead of a conventional radiation detector, such as a proportional counter or a
Nal detector, one uses a nuclear ‘resonant’ detector. The resonant detector contains ground-
state nuclei, which are in resonance with the stationary excited-state source nuclei. In this
experimental configuration, as also often used in a conventional set-up, the absorber is moved
with respect to the source and the detector which are both stationary. The experiment proceeds
by detecting the conversion electrons generated in the resonant detector as a function of the
velocity of the absorber.

A quantum mechanical model system consisting of a source nucleus, an absorber nucleus,
and a resonant-detector nucleus, along with the associated resonant photons and conversion
electrons, will be used to analyse the results from the proposed experimental configuration.
Since we are interested in a minimum linewidth, itis reasonable to go to the thin absorber limit.
In our model this corresponds to describing the absorber as having one resonant nucleus.
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2. Quantum mechanical model

The general method used in this paper is discussed in Heitler [2], Harris [3], and in a more
recentarticle [4]. The method applies quantum mechanical perturbation theory inthe frequency
domain to obtain a set of coupled equations. The Hamiltonian of the system is divided into two
parts. Hy is the unperturbed part which describes the evolution of the nuclear states, the free
radiation field and conversion electrons in the absence of coupling between the nuclear states,
the radiation field and the conversion electrons. The eigenstatég adrrespond to nuclear
states, the states of the free radiation field, and the states of the conversion electrons. The
perturbing part of the Hamiltonian is denoted Byand is responsible for making transitions
between the nuclear levels.

The actual state of the system is then expressed as

W) = at)e " g;(0) (1)
!

where|g; (0)) is an eigenstate dfly andE; the corresponding energy. Solving the Sixtinger
equation leads to a set of coupled differential equations relating the expansion coefficients
a;(t). Heitler [2] has shown that in order to satisfy the boundary conditions=a0, one has

the following set of coupled differential equations.

— da; i (W —, —

'hE = Xq:aq(t)e'( = (@ (0)| V |g (0) + 1781, (1) (2)
wherew, — w, = (E; — E,)/h, 81,, is the Kronecker delta ant{r) the Dirac delta function.
Introducing the Fourier transform [3] and inserting the causality condition [2] allows (2) to be
re-written in the frequency domain

. V
(@ = o +ie) A1) = Y Ag(@)= +5u, 3)
q

whereV,, is the matrix element inducing a transition from tftb unperturbed state to tlith
unperturbed state

Vig = (@1(0)|V]g,(0)). 4)

The advantage of the set of equations (3), is that we now have only a linear, coupled system.

Consider a system whose initial condition is as follows. We have an excited nucleus,
having energy:wy, at the origin of a coordinate system, an absorber nucleus, whose excited-
state energy iB8wy, in the ground state (nucleus 1) situated at positipand another ground-
state nucleus, having an excited-state enérgy at position/, (nucleus 2). The last nucleus,
nucleus 2, represents the resonant detector. The absorber nucleus is situated between the source
nucleus and the resonant-detector nucleus. The evolution of the quantum system composed of
the three nuclei, the radiation field and the conversion electrons will be investigated below. In
the following, we will assume that the recoilless fractions [1] of the emission and absorption
processes are one, which is however, not an essential hypothesis.

In applying the mathematical formalism to our system, the following amplitudes can be
defined:

e A(w) is the amplitude corresponding to the source nucleus exditeg),(the other two
nuclei in the ground state, and no photons or conversion electrons present;

e By (w)isthe amplitude corresponding to all nucleiin ground state, a photon of wavenumber
k and energyiw; present, and no conversion electrons present;

e C;(w) (i =1,2)isthe amplitude corresponding to nucleus at positi@xcited, all other
nuclei in ground state, and no photons or conversion electrons present;



Enhanced resolution in Bssbauer spectroscopy 639

e Dj(w) is the amplitude corresponding to having a conversion electron from the source
nucleus present, having momentyim all nuclei in the ground state, and no photons
present;

e E;;(w) is the amplitude corresponding to having a conversion electron from nucleus
(i =1, 2) present, all nuclei in ground state, and no photons present.

At + = 0, only the source nucleus is excited, so we have the following set of coupled
equations

(0 — wo+i8)A(w) = 1+Z%BE(CL})+Z%D;,(0)) (5)
7 B
. H* L H*
(0 — wp +ie)By(w) = T"A(a)) + 7” e Cy(w) + 7" e *2Cy(w) ()
w—%ﬂmmm=z%wm&@+z%wmﬂmw 7
k 14
: Hy is, Hy 55 m
(@ — o +ie)Co(w) = ) £ € Br(w) + ) |~ €7 Eps () ®)
k 14
H*
(0 — wp +ie)Dj(w) = T”A(a)) 9)
H: .
(@ — wj +i8) A(W)E;3(0) = 7” e P MC () i=1,2 (10)

where H; and Hff are the matrix element corresponding to absorption and emission,

respectively, of a photon having wave vector Hjz and H[i,k are similarly defined for the
conversion electron. Equations (5)—(10) can be interpreted in a straightforward manner. For
example, equation (6) describes the amplitégéo) for production of a photon having wave
vectork. This can occur when the source nucleus emits a photon as described by the first term
on the right-hand side of equation (6), or when either nucleus at posit{or= 1 or 2) emits

a photon, the second and third terms on the right-hand side equation (6). The functions e

(i =1, 2) designate the position where the photon emission takes place. The other equations
can be interpreted in a similar manner.

3. Solution of the equations

One can proceed to solve these equations. After making various substitutions, the resulting
summations can be converted to integrals and evaluated using well-known prescriptions [2—4].
In [4] the problem corresponding to an initial condition of an excited source nucleu®’ and
resonant absorber nuclei in the ground state has been treated. It has been shown [4] that this
problem has a closed-form solution if one restricts the calculation to forward scattering.

The fundamental equation for the source radiation is

+'F A =1 11
(w—wo 'E‘) (w) = (11)

where the total width of the excited stalg,is the sum of the conversion-electron and radiative
widths

I'=y+y. (12)
The radiative width in this one-dimensional problem is

2L
w=%%@ﬁ (13)



640 J Odeurs et al

The simple form of equation (11) is due to the fact that, when the radiation goes from the
source nucleus to one of the ground state nuclei, we do not expect radiation to be re-radiated
back to the source nucleus. Macroscopic distances separate the absorber and detector nuclei
from the source nucleus thus any such processes are extremely rare.

Going back to the time domain, it can be easily shown using equation (11) that

a(t) = e/, (14)

The source nucleus decays in the normal exponential fashion uninfluenced by the absorber and
detector ‘nuclei’. The remaining equations become

(a) oy %_) Crlw) = —%é@/mm(w) (15)

iﬁ

. 1V /e (/e
(a) —wo + IE) Co(w) = _%_el(w/c)sz(w) _ o el(w/c)(xz—m)cl(a))' (16)

The physical reason why equation (15) is different from equation (16) is due to the locations
of the absorber nucleus and the detector nucleus relative to the source nucleus. The
radiation coming from the detector nucleus, which is ‘downstream’ with respect to the
positive direction of ther axis from the absorber nucleus, does not ‘return’ to re-excite the
absorber nucleus. The conclusion of a careful analysis shows that only radiation coming
from nuclei ‘upstream’ from a given nucleus can give a contribution to the excitation of
that nucleus, i.e. the radiation effectively only goes forward. When considering an absorber
having many nuclei, the same conclusion holds [4]. The fact, noted above, that radiation
coming from the absorber nuclei does not get back to the source nucleus is consistent with this
conclusion.

Summarizing our results, we have

1
M= i o
— _Iﬁ; j(w/c)(x1)
Gl =A@ (18)
— _Iﬁ; i(w/c)(x2)
C2(w) = ZiTa)—a)o+i(F/ZE)el A@)
v 1 _ ei(w/c)(xz—xl) Ci(w). (19)

27w — wo +i(T'/2h)
Substituting equations (17) and (18) into equation (19) gives
iy, 1 i iy 1
C = —— N — el(w/t))(2 1— D T EEE— . 20
) = S o e (T 20)2 2 w — wy+i(I/2h) (20)
The probability of having nucleus 2, the ‘detector nucleus’, excited is found from equation (20).

Catw) = 22 !
20T a2 (@ — o) + (T2/4R%)2
V2 —2I) 1 1 1)

167" (0 — w0)2 + (P2/47%))2 (0 — wp)? + (I2/4R?))
The probability of having a conversion electron produced in the ‘detector’ is

+00 5 y2 +o0 ) FZ -2
/_oo |Ca2 ()] da)=4ﬁz N ((a)—wo) +W> dw

3y, — 20 oo r2 -2 2 -1
+% / ((w — wo)? + W) <(a) — wp)? + W) do. (22)
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The firstintegralis a standard integral. One finds for the firstintegral a constantValdé 3.

This constant value does not dependgithe frequency corresponding to the absorber nucleus.
This contribution corresponds to the conversion-electron production due to radiation coming
directly from the source to the detector nucleus without interacting with the absorber. In the
recorded spectrum this will give a constant background analogous to the background observed
in a conventional Msshauer experimental result. The second integral, which will be denoted

I (wo, wp), can be calculated by means of contour integration. One finds

ny2(y, — 2I) 1242 + Aw?

I (wo, wp) = — 23
wherea and Awq are defined by the following expressions
r
= — 24
a= = (24)
Awy = wo — wy. (25)

Equation (23) gives the conversion-electron distribution as a function of the relative frequency
of the absorber nucleus relative to the source (and resonant detector) nucleus. This distribution
looks like a Lorentzian, although it is not a real one. The full width at half maximum of
this distribution can be calculated easily. One finds a valdé3". This value is close to
1.47r, advanced in [5], where a heuristic approach has been given based the calculation of
the transmission integral. Also in [5], experiments are presented where this narrowing was
confirmed using*°Sn. More recently this narrowing has been observed [6] again*i&m.

In order to check the consistency of our model, one can calculate the resulting linewidth
in a conventional Msshauer procedure using this approach. To do this, consider only the
source and absorber nucleus. Then imagine doing the conventional experiment by detecting
the conversion electrons produced in the absorber as a functiof Gfhe result is obtained
by solving equation (18) fo€1(w), finding the absolute value squared and integrating @yer
as done above faf,(w). The full width at half maximum is found to bd2as expected.

4. Summary and conclusions

We can summarize our results as follows. A quantum mechanical theory of a particular
Mossbauer-effect set-up, making use of a conventional source, a conventional absorber and a
resonant detector, consisting of ground-state nuclei with the same environment as the source
nuclei, has been developed. The model is based on perturbation theory in frequency domain.
The equations for the complete system of resonant nuclei, gamma radiation, and conversion
electrons have been solved. When counting-conversion electrons, produced by the resonant
detector nuclei, as a function of the Doppler velocity of the absorber with respect to the source
and resonant detector, the minimum linewidth &68I". This linewidth is appreciably lessthan

the minimum linewidth of Z' obtained in a conventional 8ssbauer-effect experiment. Thus,

for those experiments that profit from obtaining the highest possible energy resolution, the
proposed experimental configuration can be used to advantage. The theory can be extended
to the case where both the absorber and detector have an arbitrary thickness. Under such
conditions line broadening will naturally occur, as in conventionékslsbauer spectroscopy,
butthe advantage of relatively narrower lines, compared to the conventional set-up, will remain.
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