THE MOSSBAUER EFFECT

Resonant gamma ray fluorescence is a useful tool in determining a variety of
nuclear and solid state properties. The discovery of the Mdssbauer effect greatly
increased the accuracy and capabilities of gamma ray fluorescence. This in turn has
made possible the accurate measurement of nuclear lifetimes, nuclear magnetic moments,
and nuclear spins. In this lab you will use resonant gamma ray fluorescence and the
Mossbauer effect to determine the magnetic moment of the first excited state of Fe*’ and
measure the bulk internal magnetic field in natural iron.

Introduction:
Energy Scales

There are several energies that characterize gamma ray fluorescence. The first is
the excitation energy, Ej, of the nuclear transition being studied. This is usually the
energy difference between a nucleus in an excited state and in its ground state. When a
nucleus decays from an excited state, the excitation energy is often radiated away as a
gamma ray. In practice, the energies of such gamma rays are typically less than 1 MeV.

(1]

Due to quantum mechanics, there is a small spread in the possible energy values
of the emitted gamma ray. The uncertainty principle states that

AE,At =1 (1)

where 7 is Planck’s constant and Ar is the time taken to measure the energy level. It is
important to note that Az is NOT the same as the lifetime of the state, 7. Assuming one
can measure the the excited state for no more than the lifetime 7 we get an lower bound
on the energy spread AEj,. This energy spread is called the linewidth and is denoted I
Experimentally it is determined by measuring the width of an energy peak at its half
maximum. The energy scale for I"is usually many orders of magnitude smaller than E,.

(1]

The next energy scale of interest is determined by the experiment being done. An
example is the case of hyperfine splitting where the normal energy levels of an excited
nucleus are modified in the presence of a magnetic field from its orbiting electrons. The
magnetic field will cause each energy level of the nucleus to change slightly and thus
create slightly different transitions. This slight change is the called the experimental
energy. Typically the experimental energy is extremely small compared to the energy
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level. In order to observe the experimental energy (and thus have an interesting
experiment) the linewidth must be narrow enough to observe the shifting or splitting.

The final energy scale in gamma ray fluorescence experiments is the energy lost
to a recoiling nucleus. When a nucleus emits a gamma ray, conservation of momentum
requires that it recoil in the opposite direction. Likewise, when a nucleus absorbs a
gamma ray, it absorbs momentum and begins to move (recoil) in the same direction. The
energy associated with the recoiling nucleus is called the recoil energy. Since the nuclei
we are concerned with will be moving non-relatvistically, we may calculated the recoil
energy, R, as

2
R = (pnucleus )2 _ (pPhOfOYl) - (EO)Z )
2M 2M 2Mc?

where M is the mass of the nucleus and c is the speed of light.

Exercise 1a: Derive an expression for I'using Eq. 1. Assuming an excited nucleus of Fe’’
has a lifetime of 0.1us, determine the minimum linewidth. What happens to
the linewidth as successively shorter times are used to measure the the
energy of the excited state

Exercise 1b: Assume you have a nucleus of Fe’’ with a transition with energy E, = 14.4
keV. Determine R and the ratio of R to E,. Explain why it was reasonable
to approximate p,u.on = E,/c in the last step of Equation 2. Was it reasonable
to assume the nucleus was non-relativistic? Explain.

Exercise 1¢: Assume the hyperfine splitting in a Fe’” nucleus is roughly 107 eV.
Compare the experimental energy of the hyperfine splitting to linewidth and
recoil energy from previous parts. Would you be able to experimentally
observe the hyperfine splitting? Explain why or why not.

Introduction:
Resonant Absorbtion

In a typical resonance experiment, a gamma ray is emitted by an excited nucleus
and then absorbed by a nucleus in the ground state. When emitting the gamma ray, an
energy R is lost to the recoiling nucleus. An additional energy R is needed to conserve
momentum when exciting the second nucleus. Thus the energy of the gamma ray that is
available for exciting a target nucleus is E,-2R. For resonant absorption to occur, the
linewidth of the transition must be large enough to allow an appreciable probability for
absorption of this less energetic gamma ray. This leads to the resonance condition

2R<T (3)
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Exercise 2: Compare the energy scales from Exercises 1 and 2 to see if resonant
absorption is likely to be observed.

Introduction:
Lattices and Phonons

Before Mossbauer's discovery most gamma ray fluorescence experiments were
done using a gas. In a gas, every nucleus is essentially acting as a free particle and thus
must absorb the entire recoil momentum. As you calculated above, this can make seeing
resonance difficult if not impossible. Mossbauer discovered that it was possible to see
resonance quite easily using nuclei in the solid state. (See [1] for a more thorough
review.) To begin to understand this effect, we must consider what happens when an
entire crystal is used as the absorber or emitter. To do this it is necessary to first
introduce the concepts of lattices and phonons.

A crystal is comprised of atoms (nuclei) arranged in space at regularly spaced
intervals, otherwise known as a lattice. The nuclei on the lattice can be thought of as
being connected together by springs. [2] If you hit one of the nuclei, you will cause all of
them to vibrate (since they are connected by springs). The lattice vibration is known as a
phonon. The phonon is an excitation of the lattice that carries momentum and has an
associated energy.

Just as the energy levels of an atom or a nucleus are quantized, so too are the
energy levels of a lattice. Consider the simple model in which each nucleus is attached
only to its nearest neighbors by springs. Each nucleus will behave approximately like a
harmonic oscillator. You may recall from quantum mechanics that the quantized energy
levels of a harmonic oscillator are given by

E, = ho(n+1/2) 4)

where E,, is the n" energy level and w is the angular frequency of oscillation. Notice the
important fact that the ground state energy (n=0) is non-zero.

Exercise 3: The minimum phonon energy corresponds to the Debye temperature, © p.
Determine the phonon energy using the equation E)p00, =kpOp with &y,

being the Boltzmann constant and using a table from [2] or the CRC.
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Introduction:
Mossbauer's Discovery

Mossbauer used solid state absorbers and emitters in gamma ray fluorescence
experiments. The recoil energy from single nuclear decay events in a lattice can be too
low to excite phonons, which means that for the purpose of recoiling, the decaying
nucleus is effectively rigidly bound to all the other nuclei in its crystal lattice. Since the
recoil momentum must be imparted to the entire lattice, not just a single nucleus, the
kinetic energy that goes into the recoil drops dramatically. This recoilless absorbtion and
emission of gamma rays is known as the Mdassbauer effect.

Mossbauer's discovery has had far-reaching consequences because it has made
available electromagnetic radiation (gamma rays) whose frequency is more precisely
defined than any other known to date. Energy resolution better than one part in 10'* has
been achieved with recoil-free gamma rays.

The isotope with the strongest recoiless resonant absorption is Fe”’. Figure 1
shows the decay of Fe”’ from its parent Co”’. Of all the excited Fe’” nuclei, about 10%
will emit a 14.4 keV gamma ray via a magnetic dipole transition from the metastable I =
3/2 state to the I = 1/2 ground state (I is the nuclear spin). The ratio of recoil-free 14.4
keV photons to all the 14.4 keV photons emitted is f, the recoil-free fraction of the
source. f varies with the properties of the solid and decreases monotonically with
increasing temperature.

57

2,j,Co

837 keV, I=7/2, (1 =270 days)

(Electron Capture)

136 keV,I=5/2
T2 Tl
11% 85%
: 14.4 keV, 1= 372
(1 =14x id sec)
Y1 o =9
8.4%
! y L 0,1=1/2
Figure 1. Energy level scheme of Fe’'. Mossbauer spectroscopy involves the 14.4 keV

transition. Intensities are given in % of decays.
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Exercise 4a: What is the minimum recoil energy needed to produce a phonon (use the
result from Exercise 3)?

Exercise 4b: Consider the Fe”’ transition discussed above. Are the linewidth and recoil
energy sufficient to excite a phonon?

Exercise 4c: Assume the recoil momentum is imparted to the entire lattice of N nuclei
instead of a single nucleus. What is the recoil momentum of the lattice as a
whole? What is the recoil energy?

Introduction:
Level Splitting

When a nucleus is placed in a magnetic field its energy levels are split. If the
magnetic field is due to the electrons orbiting the nucleus, the effect is called hyperfine
splitting. Hyperfine splitting is another form of the Zeeman effect ([3], ch. 7). Since spin
of the nucleus gives it a magnetic moment, the energy of transitions is shifted by an
amount

AE=-uH/I (5)

where p is the magnetic moment of the nucleus, H is the magnetic field splitting the
levels, and I is the spin of the nucleus. The minus sign reflects that fact that a magnetic
moment aligned with the field is more energetically favorable. Recall that the spin
quantum number, m;, ranges from —/ to I (2I+1 total values). The energy level splitting
for a nucleus with a particular m; is just

AE=-uHm;/1 (6)

The Fe” nucleus used in this experiment has spin 3/2 and spin 1/2 states. The
transition between these two states is the previously mentioned 14.4 keV transition with a
0.1us lifetime. In the presence of a magnetic field, both the excited state and ground state
energy levels are split. Only a subset of all imaginable transitions between the split states
are allowed [3].

Think! What is the physical reason that some transitions are allowed and others are
forbidden?

Exercise 5a: Calculate the energy shift for /=1/2 using Eq. 6. Assume the magnetic field
at the nucleus is 10° Gauss and the magnetic moment of the ground state
(I=1/2) is 0.093u, = 2.93 - 102 eV/Gauss.

Exercise 5b: The unperturbed energy of transition from /=3/2 to /=1/2 is 14.4 keV.
Calculate the shift in the m;=-3/2 energy level. Assume w; =-u, is the
magnetic moment of the excited state (/=3/2). Calculate the transition
energy between states m; = -3/2 and m; = +1/2. Is the linewidth of the 14.4
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Exercise 5c¢:

keV transition narrow enough to see the splitting?

Calculate the energy difference between the m; = -3/2 to m; = +1/2 transition
and the m; = -1/2 to m; = +1/2 transition in terms of the magnetic moment of
the first excited state u;

J
7
1=3/2
7
m.= +3/2
J
m.=+1/2
1=1/2 ’
J
Figure 2. The transition from /=3/2 to /=1/2 gets split into six possible transitions. Notice
that the /=3/2 levels are flipped upside down. This is because the magnetic
moment of the excited state carries a negative sign. See figure 3 from [1].
Introduction:
Doppler Shift

An experimental shift similar in scale to the hyperfine splitting is that of the

Doppler shitt.

If a nucleus is moving when it decays, the energy of the emitted gamma

rays will be shifted. If it is moving toward an absorber, higher energy gamma rays will

be seen at the

absorber. If it is moving away from the absorber, lower energy gamma

rays will be seen. This Doppler shift changes the gamma ray energy by an amount

AE =220
c

(7

where v is the speed of the source. (For a derivation, see [3].)

Exercise 6: Estimate the velocity needed to counteract the hyperfine splitting in Fe’’
using the result of Exercise 5.
University of California, Santa Barbara 6

Physics Department, Senior Lab



Materials and Methods

The Mossbauer effect allows for very precise measurements of gamma ray
resonance. In combination with the Doppler shift, it can be used to observe the hyperfine
splitting of the *’Fe nucleus and thus determine the internal field of the *'Fe nuclei. A
measurement of the linewidth can also be made.

In our experiment, a FeCo nucleus decays into an excited state of the Fe’” nucleus
(Figure 2). Since FeCo is not ferromagnetic, the decaying nucleus does not experience
any Zeeman splitting and emits 14.4 keV gamma rays. The emitted gamma rays are
incident on an absorber with roughly 2.2% abundance of *'Fe nuclei. This concentration
is sufficient that any absorbing nucleus experiences Zeeman splitting due to the magnetic
field from surrounding >'Fe atoms. If the source is at rest relative to the absorber, the
splitting of energy levels in the absorber prevents resonant absorbtion. If the relative
velocity of the source in the direction of the absorber increases, Doppler shifted gamma
rays can be made to match resonance conditions with the split levels in the absorber. By
changing the velocity of the source, resonance conditions can be reached for each of the
different transitions in the absorber. When in resonance, the absorber will absorb much
more of the gamma rays. The shape of the excess absorbtion peaks may be compared to
theoretical estimates and the natural linewidth may be determined. Our experimental
setup is similar to the one discussed in [3].

The experimental apparatus is drawn in Figure 3. A radioactive FeCo source is
mounted on a vibrating shaft that moves in the direction of a Geiger Mueller tube
(detector). An absorber placed between the source and the detector may limit the number
of gamma rays that reach the detector. Several pieces of electronic equipment are use to
control the motion of the source and correlate it with the signal from the detector.

Materials and Methods:
Devices

Constant Acceleration Drive

You will use a Constant Acceleration Drive (CAD) to scan through the different
velocities. The constant acceleration provides for a linear curve when velocity is plotted
as a function of time. The source begins with a minimum (negative) velocity and
accelerates to a maximum (positive) velocity. Upon reaching a maximum velocity it
ramps back down to the original minimum velocity. It takes 200ms to complete this
cycle. The function generator is triggerd by the MCA at the beginning of each pass to
start a new cycle. Because there are 1024 channels, each with a dwell time of 200us, a
single pass of the MCA takes 204.8ms to complete, therefore there will be 4.8ms of dead
time (CAD not moving) for each pass.

On average there will be an equal number of gamma rays emitted at each possible
velocity. By counting the number of a gamma rays one can determine the number of
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absorbtions that occur at each velocity. A relative excess of absorbtions indicates
resonant absorbtion.

Pre Amp Power Supply
Input HV Out MSB Out Trigger In
UcCS 30 HP 3312

@ Output

EXT

Input

Constant Acceleration Drive Drive =0
L 1
Proportional
Drive Output Tube
Velocity Pickup Coil
Figure 3. Schematic of the experimental setup.

Exercise 7a:

Exercise 7b:

Exercise 7c:

Exercise 7c:

Sketch the acceleration, velocity, and position versus time using the
information from the paragraph above.

If the counting device you are using has about 250 velocity increments,
approximate how many counts will be observed at each velocity increment if
10,000 transition are observed in a single run. What is the error in a single

channel(assume error goes as v )?
Approximate how many runs are need to achieve 1% accuracy per channel?

If the decay time of the Fe’’ nucleus is 0.1 us, determine the minimum time
it would take to get 1% accuracy in each channel? Explain possible reasons
why the real time to perform this many runs is actually much greater (hint:
where does the *'Fe nucleus come from).

Multichannel Analyzer

To keep track of the number of gamma rays detected at each velocity you will use
a Multichannel Analyzer (MCA). The MCA has several hundred independent channels
with which to record counts from the detector. The MCA automatically passes through
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each channel for the specified dwell time. If the CAD is at its minimum velocity, a count
from the detector will be recorded in the lowest channel of the MCA (channel 0). If the
CAD is at its maximum velocity, the MCA will record counts near the middle channel
(channel 500 not 512, remember the velocity wave is a SHz triangle wave). Since each
velocity corresponds to a small energy change the energy of the emitted gamma ray, the
absorbtion spectrum above and below the Fe”’ transition can be plotted.

Exercise 8: Make an educated guess as to the range of velocities you will be using.
Knowing that the velocity changes linearly with time, you may assume that
each channel will be equally spaced in velocity. Determine the width of the
velocity bins (i.e., how many mm/s are read into a single channel). What is
the corresponding energy resolution? Would this resolution be adequate to
see the Zeeman splitting (see Exercise 5)?
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Materials and Methods:
Procedure

1Y)

Turn on the main power to the instrument rack.

2) The settings for the instruments on the instrument panel are shown below for
reference, but should not need changing. DO NOT adjust anything on the green
CAD drive panel or the function generator without consulting a TA or Lab

3)

4)

5)

6)

7)

Manager.

CAD Drive
- EXT Input
- Gain should be pointing to top line

Function Generator

Frequency: SHz

Amplitude: 4V Peak to Peak
Phase Shift: -90 degrees

Burst Mode with External Trigger

Locate and start the UCS 30 program. This
communicates to the MCA we will be using.

First we’ll just want to look at the spectra of the
Co57 source. Make sure there are not any absorbers
between it and the proportional tube.

In the UCS 30 program click on the AMP/HV/ADC

settings button at the top of the toolbar. This
dialog box allows us to control the high voltage
supply (powering the proportional counter) inside of
the analyzer, as well as some gain and discriminator
settings. Make sure the settings appear as shown in
Figure 4.

Now we are ready to look at the Co57 Spectra.

Under the Mode menu select PHA (Amp In). Then
click Go. See Figure 5

After a minute or two you should see something similar
to the image below. You can use the buttons to change

the x scale, we only want to see channels 13-1023.

Y Voltage Settings X
Voltage Conversion Gain
2000 {1256
®0On ( Off ) 512
Polarity ® 1024
‘@) Positive ) 2048
{_) Negative "1 4096
~ AmpIn Polarity = piscriminator
‘® Positive Units of Channels
_! Negative Low 13
Coarse Gain High 1023
11
— PeakTime
(12
. i@ 1 Micro Sec
(14 B
- [_1 2 Micro Sec
{18 B
. i_1 4 Micro Sec
116 _
. i_1 8 Micro Sec
{132
(@) 64 Ok
-~ FineGain:1-25 Cancel
[od ]
C— Help
Figure 4

Figure 5
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A Spectrum Techniques - UCS30 - Live Mode
File Edit Mode Display Settings Strip Background View Help

@ & Dead Time Meter 0% |

i
(0]

Channel: 0 Energy: 3 FHM:
Counts: 0 Centroid:

Ready HY:2000 ON LT:16 RT:34 Unit #5458  Volt Polarity: Pos Amp In Polarity: Pos

Figure 6

8) Now we need to identify the 14.4keV peak. We are only interested in this energy,
and do not want to register counts outside of it once we change to Mossbauer
mode. The very first large peak on the left hand side is noise from the counter.
The next peaks going right are actual peaks from Co57. A thin Aluminum
absorber will block energies below 14.4keV. Deduce the location of the 14.4keV
peak. It may be helpful to continually erase the spectra so you can see it build up.

9) Once you have settled on which peak is the 14.4keV peak, drag the small triangles
at the far sides of the x-axis to allow only this peak to go through. These triangles
control the onboard discriminator which will reject measurements whose values
lie outside of the discriminated region.

10) Once the discriminator is set we are ready to begin the main data collection. Stop
the PHA acquisition. Place the Fe57 enriched foil inbetween the source and
detector.

11) Under the Settings Menu, select Mossbauer.

12) Set the Dwell Time to 200us and the number of Passes to 100,000. You can stop
the acquisition at any time, so we’ll just wait until we see a good spectra before
stopping.

13) Under the Mode menu select Internal Mossbauer.

14) Clear the the display and press Go. Data collection will begin.

15) After a while (30min-3hrs depending upon the activity of the source) you should
start to see the absorption spectra appear as shown below.
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4 Spectrum Techniques - UCS30 - Live Mode
File Edit Mode Display Settings Strip Background View Help

A , ‘::‘ Z| A Tin | Dead Time Meter 0% |

R Eox kg GRS
N L

0 mSec 51.2 mSec 102 mSec 154 mSec 205 mSec
Channel: 0 Time: 0.20 mSec Preset Passes: 100000
Counts: 10410 Dwell: 200.0 uSec Elapsed Passes: 15252
lgiédlnire 7 HWL2000 AR 1lnik #5490 Malk Dalaviku: Dac firan Tr Dalaviku: Dac

The motion of the CAD has already been calibrated with an interferometer.
Analysis showed that the CAD would ramp from -9.59 mm/s to 10.22 mm/s and back
down in 200ms. The raw data file consisting of 1 second recording of the time series
output of the interferometer is available for indpendent analysis.
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Resonant Absorption:
Analysis

1.

Measure the energy shifts for all transitions and deduce the magnetic moment
of the first excited state of Fe’’ (I=3/2) and the size of the internal magnetic
field felt by the *'Fe nucleus.

Calculate the error in your data with and without including the background
counts. Assume the number of transitions at each energy has a Gaussian
distribution. (See [4], section 2.3) (hint: what do u and 6 mean when you are
considering the distribution of counts?). Do your error estimates seem
reasonable based on the appearance of your plot (especially the noise level
between absorbtion peaks)?

. The distribution of counts is not actually Gaussian but really obeys a

Lorentzian distribution (also known as the Breit —Wigner Distribution in
nuclear physics). (See [4], section 2.4.) Does it make sense to give error
estimates for the magnetic moment of the first excited state and the internal
field? Describe how to use a fitting routine to get true error estimates from
the data. You will definitely want to consult chapters 6 an 8 of [4]. What
problems would you encounter in performing a least squares fit on the data?
Explain.

Assuming that both the split and unsplit levels have the same natural
linewidth. Estimate the linewidth. Don't forget to account for the fact that
both the emitter and absorber have a linewidth (how does this affect the width
of the absorbtion peaks? See [1]). Compare your result with the accepted
value. If your result deviates from the theoretical result, discuss why.

Describe how a transition actually gets registered as a count. Explain how the
gamma ray passing through the absorber is converted into a count on the
MCA. Explain the purpose of setting the window on the PHA (you may find
it useful to read the section in the MCA manual entitled ADC Setup).
Explain how the MCA decides which channel to record a count. Be specific
about how the start of each MCA sweep is determined. What would happen if
the channel advance toggle was changed to 400 us?

How would changing the LLD and ULD affect the data/experiment? Would it
be advantageous to use a smoothing algorithm on the data? Which part of the
analysis (1-5) would most likely improve when using smoothing?
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