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The Hewsenberg uncertainty principle can be experimentally demonstrated by combining a
Massbauer experiment with a measurement of a nuclear lifetime. The senior undergraduate
students perform a Mdssbauer experiment to measure the energy width of the 14.4 keV level of
""Fe followed by measurements of coincicent ¥ rays (o determine the lifetime of the level The
expenments are designed 1o emphasize that the uncenainty principle is inherent in the wave
function rather than resulting from the measurement process.

L INTRODUCTION

The Heisenberg uncertainty principle is a comerstone of
modern physics. Usually students are convinced of ifs vi-
lidity through numerous arguments in which it is used 1o
explain phenomena and through exercises in which uncer.
tainties in physical quantities are caleulated from the wave
function that descrbes a system.

Mevertheless, it is desirable to study this principle exper-
imentally since this effon forces students to relate real mea-
surements to fundamental concepts. Gedanken experi-
ments, such as the attempt to locate an electron by
wattering photons in a Heisenberg microscope, help atu-
dents make this connection,! However, these efforts are
often interpreted as experimental technicalities and do aot
emphasize the fundamental role of the uncertainty princi-
ple in nature.

In this report, we discuss two experiments that allow
students to determine the uncertainty in encrey, AE, and
uncertainty in lifetime, Ar, of the 14.4 keV state in *'Fe,
and thereby verify the uncertainty principle. Since the ex-
penimental techniques are standard, Misshaver spectros.
copy” to give the width of the state and a coincidence
mepsurement to determine the characteristic lifetime of the
state, in this paper we will focus on the physics implica-
tons and less obvious details of the experiments. At Hope,
semor students perform thess experiments in twa, six hour
laboratory sessions. Both experiments are valuable individ-
ually since they introduce important concepts and experi-
mental technigues. However, the combination i3 enhanced
by the inclusion of rigorous analysis and interpretation of
the results in terms of the uncertainty principle.

Il. APPLICATION OF THE UNCERTAINTY
PRINCIPLE TO THE DECAY OF THE 14.4 keV
STATE IN "'Fe

The two experiments discussed in this paper both deal
with the decay of “'Co nuclei into *'Fe nuclei. The decay
scheme is shown in Fig. |. Of particular interest for these
experiments in the 3727 state at 14,4 keV which has a 98
ns half-life. The properties of this level are well suited to

buoth experiments. The Mdsshaver experiment reouires a
ability.

540 A J. Fhys. 61 {63, Junc 1949

The key feature, as it relates to the uncertainty principle,
ts that the properties of the 3/1° state are subject to the
constraint &E Ara#s2. That is, the wave function that de-
scribes this state must obey this restriction. The valuss
realized for a particular measurement of the time delay
between the formation and decay of the 4.4 keV state and
for a particular measurement of the enetgy of the emittad
photon are determined according 1o probability distriby-
tions implicit in the wave function, These distributions are
not infinitely narrow but have characteristic widihs, T and
T, which must obey the uncertainty principle. { The rela-
tions between AE and I and between Ar and + are dis-
cussed below.) OF course, any single nucleus could decay
very soon after formation and could also emit 1 photon
with exactly the average energy. However, the widihs of
the fundamental distributions that characterize these vad-
ables cannot simultaneously be arbitrarily short and arbi-
trarily marrow.

The uncertainty principle manifesis el many limes
during these experiments. Motice, however, that we focus
on the implications of the uncertainty principle for the
quantum system composed of the excited nucleus alone.
Obviously, the uncertainty principle also applies to the
process of actually detecting the photons emitted from the
nuclear state. One could not measure the detection time
and energy of the emitted photon in a detector with infinite
precision for both quantities. The uncertainty principle ap-
plies to the photon just as surely as it applies to the nuclear
state, However, a focus on the measurement of the photons
moves the students away from the fundamental nature of
the principle as it exists in the basic wave function and
moves them oward the idea that the uncertainty principle
15 only assocuted with one's ability 1o measurs the energy
and time. The restrictions placed on a particular measure-
ment of an emitted photon by the uncertainty principle do
not change the fact that the uncermainty principle s a0
integral part of the probabulity distributions that determing
the particular decay properties of any single excited nu-
cleus.

While the full discussion of the uncertainty principle in
all phases of the process, from decay 1o detection, is war-
ranted with the best students, it tends 1o obscure the ides

that the uncertaintv nrincinle s intimarely associated Wikl
The statement of the uncemainty principle as [re=fi B
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Fig. |. Level diagram and decay scheme of "'Co gaing to V'Fe

often taken for granted, However, the relationship between
this expression and the more traditional AL Ars%/2 i5 re-
vealing. A mechanical approach to the uncenainty princi-
ple would suggest that the use of the second moment ar
rool mean square (A4 = -;I:.-II:I--{.-H"F 1o characterize a
particular distnbution is part l:ll'lh: ‘fundamental” defini-
tion of the uncertainty principle.’ For Ar this definition
gives 7. However, with the present system, students are
faced with a Lorentzian distnbution of energies that has an
infinite second moment. However, this fact is not fatal
since the use of the second moments to characterize the
distribution is not fundamental. According to Messiah,*
Heisenberg's result essentially expresses the mathemartical
Fact that the extension of the wave ¢ and that of its Fourier
transform ¢ cannot simultanéously be made arbitranly
imall. The use af the second moments of the particular
distributions (of they are defined ) yields a particular con-
stant such as 2 I, on the other hand, the full width at
half-maximum I is used 1o characterize the width of the
distnibution, one merely gets a different constant that is
proportional 1o A The fundamental fact 5 that variables
that do not commute cannot both have narrow distribu-
tions.

1L MOSSBAUER SPECTROSCOPY EXPERIMENT

The uncertainty in the energy of the 144 keV level is
mensured using the Mésshauer effect,*® which involves re-
cotlless gamma emission. IF the nueleus that emits the y ray
i part of a crystalline material, the entire crystal can ad-
sorh the recoil energy. When the ¥ energy i very small, the
recoil momentum 5 low and there i5 a high probability for
exciting no phonons so that the gamma carries away all the
decay energy. This probabiliy is Fwim:::ly 0.7 for the
14.4 ke¥ gamma emission from *"Fe.
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Fig. 2. Absorpiics specirum for & natural iron absorber 25 pm ihick. The
fine is a nonlimear lzast-sgoares At o the data, sssuming Pobsan scatslic,
with Eq. {2}, The At has & weighted vamance of |08 with the L 1Y
tigns of stnctly statstcal weighting of the bines and Lorenizian shape,

where fio, is the average energy and I is the full width at
half- mn:umum For the 14.4 keV gamma in ' Fe, [ =4.67
= 10" eV, Th:: fractional width is extremely small, T'/fiag
=324% 10~

This Elnr\lld!h i measured using traditional Masshauer
spectroscopy: 3 © Co source is moved toward and away
from an iron absorber at known velocity, which causes the
energy of the gamma rays to be Doppler shifted. As this
energy is varied, the degree to which the transition is res-
onant varies and the absorption profile can be mepsured.

Typical results for an iron absorber are shown i Fig. 2,
The results with the Fe sbsorber show the expected six dips
that result from the Zeeman elect caused by the local
magnetic feld in the Fe. The Zeeman effect s an additional
bit of physics that emerges from the laboratory, but it 14
nod the primary focus of the effort. However, the spacings
of the six dips do provide a calibration of the velocity scale
s that the level width can be accurately determined with-
oul relying on the numerical measuremenis of the source
velocity.

The iron absorption spectrum was used 10 measurs the
width of the states rather than the single line spectrum of
# stwinless stesl absorber becauss the latter line is broad-
ened by unresoived quadrupole splitting and 1somer shafts,
The ml:ui-tl used to fit (nonlinear least-squares fitting with
errors ) the spectrum is

[

fmA+Bx~C 3 r
mARS=L & ey
where 4 and B characierize the unabsorbed background
and C is the absorption amplitude that is modified for each
dip by a statistical weighting, wy== |, 2, or 3. The dips are in
chanmnels X, and have widths I'. The parameters of interest
I, shoold be twice the ratural width of the line T o, as there

i5 a contnbution from the source and from the absorber
weighings. 1 hese modiications anse because Lhe ke
not infinitely dilute in the absorber. This cesults in the

[
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preferential absorption at the center of the line changing
the shape. An empirical correction™!! {5

£=z_m+u.1'.rr. (33
Ty

where the effective thickness T is determined by the frag-
tion f of ¥ rays absorbed without energy loss, the number
density m of iron nucles, the isotopic fraction o of *'Fe, the
MANIMUM resonance oross section op and the physical
thickness r aceording to

T frao. (4]

In Eq. (4) the resonance cross section includes a factor
/(1 +a}, where o is the ratio of decay by internal con-
version to y decay, For the iron absorber the thickness is
divided between the states according to w/Zw, resulting
in three slightly different widths. This effect in the absorber
was corrected for since the experimentally determined pa-
rameters confirmed the effect quantitatively for the ab-
sorber. The equivalent effect in the source was not cor-
recled for, as it depends upon manufacturing techniques
andd the age of the source. For our case, this effect is be-
lieved to be the reason the measured width is 250 larger
than the established natural width. The extracted T for the
data of Fig. 2, uncorrected for broadening in the source, is
$9320.19x% 10" oV,

IV. y—y COINCIDENCE EXPERIMENT

To complete the venification of the uncertainty principle,
the distibution of the nuclear lifetimes needs 1o be mea-
sured. With available fast NIM timing modules one can
directly measure the lifetime of the same intermediate level
in “'Fe that was examined with the Mésshauer apparatus.
A5 can be seen in Fig. 1, this intermediate level is popu-
lated by the emission of a 122.1 keV gamma ray, and sub-
sequently decays to the ground state with the emission of a
14,4 keV pamma ray.

The mean lifetime of the intermediate state is 141 ns,
making it very easy to measure directly.'? The 1221 keV
gamma was measured in Mal(TI) detector and the 4.4
keV v ray in a SiiLi) detector. A histogram of the time
difference between the two y rays was recorded with a
miiltichanne]l analyzer to obtain the exponential decay
curve. This curve can easily extend over four or more life-
times. The lifetime of the 14.4 keV level was found By
fitting an exponential ta the data (see below).

The time coincidence spectrum is shown in Fig. 3. The
rise of the spectrum marks zero time difference between
formation and decay, and is not in channel zero due 10
electronic delays. The delay occurs primarily because of
the signal collection time in our Si(Li) detector, and alsa
because the time signals were derived from the slow, mi-
crosecand, shaped energy signals. From the fact that the
rise i3 nod very steep, it 15 clear that there is considerable
noise on the tme signals,

The poor time resolution raises the gusstion as to
whether the lifetime of the 14.4 keV level can really be
BBE PIE° 4. 1N OflY change in the electronics setup was (o
open the energy windows 1o increase the count rate. This
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Fig. 1. Time coincidence spectrum for the formanon smd decay af the
144 keV state of “'Fe. The line is & noalinear least-squares £1 16 he dats
with Eg [3) with a welghted variance of 1,01

lime spectrum was fitted with a Caussian shape 1o deter-
mine the resolution and yielded o= 12.8 ns, corresponding
toa FWHM =339 ns. Since this time s a 5ub5[an3-i;.| {rae-
tion of the lifetime of the 144 keV state, the “Fe time
spectrum was then fitted with the function

i
= '
Yed+ e, (%

which was convoluted numerically with the Ciaussian
smearing function using the previously determined o The
Heaviside function created the rise in the spectrum at
channel X, corresponding to =0 of the decay. The fit is
shown in Fig. 3, and the resulting mean lifetime is
r=144 =1 ns, which is slightly greater than the accepted
value of 141.4%0.5 ns,

It is not necessary to be this fancy. The spectrum result-
ing from the convolution of a Gaussian and an exponential
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decay retains its exponential character with the same decay
constant if one ignores the channels near r=0, which are
strongly affected by the resolution. Thus an exponential fi
is adequate of one has the strength of character to ignore
encugh of the early channels, which have such tantaliz-
ingly good statistics. The accidental coincidence back-
ground must be included in the fit or removed by subtrac-
tion. The usual bias from wsing a linear fit to the logarithm
of the data will arise if one chooses the simplified linear
analysis after background subtraction.

[t was alse found that the high intensity *'Co source (5
mCi) needed for the Mosshaver measurement was not ap-
propriate for the coincidence measurement. Hasically, the
emission rate is 5o high from the 5§ mCi source that it is
much more likely that two unrelated gamma rays will be
emitted and detected than two ¥ rays from a single decay.
Simply placing the detectors farther from the source 1o
reclce the counl rate does not overcome the inherent prode
lern that there is a high probability of random coincident
emissions from the source. Ultimately a 10 ¢Ch source was
uied for the lifstime measurement.

V. S¥YNTHESIS OF RESULTS AND THE
UNCERTAINTY PRINCIPLE

The two numbers [ and 7 are now combined and com-
pared to the accepted value of A For the results shown in
Figs. 1 and 3, we obtain 5.93 20,19 107% ¢V and 144+ |
ns, which, when multiplied together, result in 854 +0.28
X0 e¥sor LIT0043 107 ™ T & This result is 10 be
compared with the accepted value of 6,582 10" oV ¢
The fact that the quoted error is small compared 1o the
diffesence between the measured and accepted values is dus
to the systematic error introduced by not cortecting for the
broadening of the linewidths by the source {Sec. [1T). Once
again, the key feature is that this uncertainty represents an
inherent feature of the quantum nature of the state rather
than resulting from the mechanics of measuring numbers.
It also serves to reinforce key ideas about the iransition
from a wave function and probabilities to particular values
for energies and times.

VI. PROVOCATIVE QUESTIONS

As the reader and the best students will realize, the dis-
cussion presented above is overly simplified. A thorough
discussion and understanding of all the implications of the
uncertainty principle 15 definitely an ambitious undertak-
ing. However, as presented, the students are certainly led
o a more insightful understanding than they had before
the exercise.

To supplement the standard exercise it is stimulating
and provocative to pose questions about the experiment as
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done or about different approaches 1o the messurements,
For example, “What would be the measured energy width
in an experiment which simultanecusly measures the time
and energy if only limited ranges of times were accepted™
“How does the encertainty principle apply 1o the entire
time-dependent wave function which includes the nucleus,
final nucleus, photons, and detactors™ “"How does the un-
certainty principle relate to conservation of energy in these
experiments?” This list is not exhaustive and s easily ex-
tended. Questions such as this challenge the students and
also serve to illustrate that practicing physicists and teach-
ers do not draw on a @t of memonzed answers byt apply
thought and creativity 1o any process of understanding,

VIL SUMMARY

Students have benefited greatly from the combinalion of
the Mosshauer experiment to measure I' and the coinci-
dence experiment to measure . While the technology, ex-
peimental and analysis techniques, and physics nsight
(into £eeman and decay processes) from the two experi-
ments s worthwhile, the inclesion of a focus on the sncer-
tainty principle provides an additional educational Oppor-
tusity for students. The inclusion of epen-ended questions
also stimulates both the student and the faculty to critical
thinking and hallway discussion.
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