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SUMMHAMMER’S EXPERIMENTAL TEST OF THE NON—ERGODIC
INTERPRETATION OF QUANTUM MECHANICS
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ABSTRACT: The object of this work is to analyze Summhammer’s recent experimental
test of the Non—Ergodic Interpretation of Quantum Mechanics using neutron
interferometry.

We conclude that the experiment presents clear and concrete evidence that the
ergodic type assumption, that must be made in virtually all the well known
interpretations of quantum mechanics, is valid. That is, the physical assumption that
particles which consecutively pass through an interference apparatus will be independent
as long as they pass through the apparatus alone, now has experimental confirmation.
The Non—Ergodic Interpretation had been calling attention to the fact that hitherto
there was no experimental evidence for this assumption.
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INTRODUCTION

~ The .object of this letter is to analyze Summhammer's recent
experimental test’ of the Non-Ergodic Interpretation (NEI) of
Quantum Mechanics using neutron interferometry (We will refer to
Mmluﬁinthmtﬁtmsm.).mmm
presented and studied in a series of works> '2. It uses the same
Hilbert space formalism that the usual interpretations’ of quantus
mechanics do. However it differs from them all fundamentally in
that it applies the formalism to a laboratory time average instead
of a laboratory ensemble average. We recall that the conceptually
correct (and only truly correct way) to perform an experiment on a

one particle systuz which gives a completely valid ensemble

aver-gea is to use many absolutely identical and independent
apparatus. Each apparatues must measure exactly one particle
which were all prepared in the same identical state. The ensemble
average (for a one object system) embodies the idea of making
absolutely independent measurements on essentially copies of a
single object. It is impossible to perform such an average, both
for economic reasons and d\ia to problems associated with
independent 1y reproducing the same state preparltlon“. In practice
in quantum mechanics, as well as in many other areas in science,
it is a frequently necessary to use a time average as a substitute
for the conceptually correct and ideal enstmble average.

Throughout physics, real experiments must be performed using one

'E.G.. Cobenhagen, Statistical, Bohm, DeBroglte, Stochastic, and
Fluid Interpretations.

restrict ourselves to strictly one particle systems and
interference experiments in this work.

3m:!shmlnm-ulsmt;-tlalrtomstn
mechanics.

4‘l'hls does not even mentlon the enormous difficulties involved in
giving operational meaning toc words such as "independent® and
"identical”.



apparatus with measurements being made on a2 stream of particles
which consecutively pass through the same apparatus.

Since all previous experiments are time averages, an ergodic
type hypothesis must necessarily be made that the laboratory time
average 1s indeed equivalent to the conceptual ensemble average.
This is, of course, the reason why there has been much emphasis in
the literature on low intensity interference. The thinking being
that as long as the intensities are sufficiently low, then there
will never or rarely be more than one particle in the apparatus at
a time. Therefore the particles must be independent and the
ergodic type hypothesis must be wvalid. Up to this point
everything we have sald is well known. For example explicit
discussions of these points have been given by Margenau'~ and
Glauber'®, :

NEI has been calling attention to the fact that just because
tmmtwls“mtlntheWuthe“tinbym
means guarantees that are independent. One may easily imagine the
existence of an indirect interaction between the particles. There
are many examples of such interactions in science. First for the
sake of having a wvery concrete example that illustrates well the
type of conceptual interaction that we are discussing, we take
one from experimental psychology. Consider a rat in a maze
experiment. Here one performs an average over rats which
consecutively pass through the same maze, but there is never more
than one rat at a time in the maze. Now in this experiment one
should thoroughly wash out the maze between the rats, otherwise a
given rat's performance might be affected by the smell left from
previous rats. Here one might say there is an indirect interaction
between the rats via their scent left in the maze. An example from
physics would be a very viscous fluid whose properties are
affected by particles as they pass which in turn affects other
particles that later pass (fluids with memory). Crystals also
exhibit certain electromagnetic wmemory effects. Here time and
ensemble averages may be quite different. One may also think of
examples where the time interval between the passage of the
particles is totally irrelevant. That is, even If you continue to
decrease your particle beam intensity you camn still have an
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indirect interaction.

The low intensity experiments eliminate a certain type of
inter-particle interaction., a direct interaction - that is an
interaction in which particle must be in the same spatial region
at th;-utlﬂ in order to Interact (interact by “touching” so
to speak). None of the existing low-intensity experiments shed
light on the indirect particle interaction that NEI hypothesizes.
In this type of interaction one imagines that as a particle passes
through the interference reglon it affects and is affected by the
properties of this region. This permits a later particle, which
definftely passes through one path only, to know the properties of
the other path. The mechanism by which this may happen, i.e. what
would be the analogy to the scent of 2 rat in the above example,
NEI does not address itself to. NEI is not a physical theory but
an alternate interpretation of guantum mechanics -in terms of time
averagess. One might speculate on a fluid or stochastic medium
which “remembers® the particle properties as they pass the
interference region. One might talk about vacuum states. Lorentz
invariance would also have to be dealt with. See References (2-12)
for some more details. NEI's position on Bell’s Inequality is
given in References (5) and (11).

5Ft'.u"-liy it differs from the usual interpretations only in that
it associates the mathematical object <¥jA|9> of the Hilbert Space

Formalism with the laboratory procedure of making a time average
instead of an ensemble average.



SUMMHAMMER'S EXPERIMENT

It is clear that NEI is at least in principle testable since
one only needs to perform a true ensemble average in any
interference experiment. NEI clearly predicts nc Iinterference
whatsoever for an ensemble average. Interference comes about from
particles indirectly interacting with other particle via the
interference region. For a true ensemble average there are no
other particles to interact with either directly or indirectly.
Even ®n practice, NEI has the virtue of being falsifiable in a
large variety of experiments. Various practical tests have been
discussed” 2. Here we only discuss the one used in JS. See JS
for the complete information. :

A diagram of Summhammer's experinent_ is shown in Figure 1. It
is a Mach-Zehnder neutron interferometer. There are three ears
with an aluminum phase shifter between the second and third ears
which is automatically rotated through twenty angles in each
experimental run. In one arm there is a shutter made of cadmium
which may be mxdol!ys opened or closed. When it is closed only
one interferometer arm is open, and when it 1is open both
interferometer arms are open. There are two detectors H and O
which are connected to a shutter control relay via a PDP 11
computer as shown in the figure. The control of the phase plate
which determines the angle is not shown in the figure.

The shutter is randomly opened and closed in the following
way. The PDP computer receives a signal every time a neutron
arrives at one the counters. Then under control of a random number
generator in a Fortran program, a signal is sent or not sent to
the shutter control unit with a probability of one-half. Therefore
if the shutter was open (closed) before the neutron arrived, there
is a fifty percent probability that it will remain open (closed)
and a fifty percent probability it will be closed (opened) after

Enu randomness of the shutter dlsl'glagulshes this e:q:erlmhrrp-
the so called chopper experiments ~  which do not test NEI .



the neutron is detected.

The shutter is opened and closed mechanically, it was
determined independently (JS) that this takes less than .15
seconds. There 1s also a ¢lock with an accuracy of lt:l-B seconds
which permits ome to know the arrival time of the neutrons and
when a signal was sent to the shutter to change its state. The
mean wavelength of the beam was A=1.78A with the total spectral
width, AA, being less than 1.9%. The transit time through the
entire apparatus (from the reactor to the counters) was of the
orde:; of several milliseconds. The number of neutrons arriving at
both counters was 3.37 and 1.17 neutrons per second with the
shutter open and closed respectively. Over BOX of the neutrons
that arrive in the interference region that should ideally be
detected by the counters are actually detected (JS).

It is important to observe here that we know the transit time,
the arrival time of the neutron at a counter, the time at which a
signal was sent to the shutter control unit, and the approximate
time it takes to open or close the shutter. Therefore for each
detected neutron at either of the counters we can put it into omne
of three groups. There are those neutrons for which we can
definitely say that one arm was closed before they entered the
interferometer and remained closed during their passage through
the interferometer. This was taken to be the case for those
neutrons that arrived at least .25 seconds later that the previous
signal was sent -to close the shutter (.25 seconds,is about twice
the time it actually takes the shutter to close. ). These are
called the closed neutrons. There are also those neutrons for
which we can defipitely say that both arms of the interferometer
were open before they entered and remained open during their
passage through the interferometer which we call the open
neutrons. This was taken to be the case if a neutron arrived at
least .25 seconds later than the previous signal tc open the
shutter was sent. Fimally there are those neutrons which don’t
fall into either of the previous two groups which we call the
unknown neutrons. Some of these neutrons may have been in the
interferometer when the arm was in the process of being opened or
closed. Also many or almost all of these neutrons may actually



belong to the open or closed neutron groups, this is of no -
importance. What is important is that each neutron of the open and
closed groups can be be placed in these two groups with a very
small probability error. Only the groups of open and closed
neutrons are interesting to analyze to test NEI and the unknown
group is lignored.

Each experimental run consists of the following. The phase
plate is initially at some fixed angle. The initial state of the
shutter is closed. Neutrons begin passing through the apparatus
and at one or the other of the counters. As each neutron is
detected the various relevant times are recorded. When the data is
ana%®yzed the neutron is then classified into one of our three
groups. After a total of about 500-700 neutrons are detected, the
phase plate is changed to next angle. Another 500-700 neutrons are
collected at this angle, and this is repeated for each of the 20
angles. These angles give about t;lo and half interference
cycles. There were 19 of these experimental runs used for the data
analysis in JST.

7ﬁeoberwthttheamerl—m-vﬂmhmlm¢omin

which the shutter is consecutively opened and closed but for random
lengths of time. “As such it is related to the experiment
discussed by Mandel .



QUANTUM MECHANICAL PREDICTIONS

The quantum mechanical predictions in this experiment are
colp]eteiy clear. For each neutron in the closed group the
interferometer arm was strictly closed before and during it's
passage. Therefore there can be no interference whatscever for
this group. The usually interference plot made in a neutron
interferometer experiment of the number (or probability) of
neutrons arriving at elther counter versus the phase angle must
give a straight line ignoring the statistical fluctuations. For
an ideal interferometer 50% of the neutrons must go intc each of
the counter independent of the angle. If one wants to imagine the
neutron to be some sort of localized classical wave train these
predictions are alsc completely clear. Analogously, for each
neutron in the open group both arms of the interferometer were
strictly open before and during the passage of neutron through the
apparatus. Therefore one must see a full normal interference
pattern for the neutrons in the open group. Plotting the number of
neutrons arriving at either counter versus angle must give the
usual full interference curve. In this case the curve must ideally
be identical to curve obtained with this same apparatus but with
the shutter always open for the whole stream of particles.



NEI'S PREDICTION

Let us first consider the experiment without the shutter, i.e.
it is then Jjust a Mach-Zehnder Interferometer experiment. Again
NEI explains interference here by postulating that as each neutron
passes through the interference region It affects, In an
unexplained way, the state of that region so that the behavior of
neutrons that later pass are affected. It imagines that if a
stream of neutrons all enter the interference region from one arm
instead yof both arms then the average state of the interference
region would be different in the two cases. In other words a
given neutron knows whether it is a one or two arm experiment
indirectly from other neutrons that previously passed the same
region. Here there can be no interference whatsoever for the very
initial neutrons. A certain minimum number of neutrons, N, must
first pass to condition or program the interference region. There
is no basis for predicting N.

Now we may consider the effects of the shutter. Imagine a
given neutron arriving at the interference region where it must
receive information from the interference region to decide
whether it goes to counter H or 0. Whether it saw the apparatus as
a one or two arm interferometer was randomly decided and is not of
direct importance in NEI. It is the state of the interference
region that is of importance. Here the state of the interference
region must, so to speak, give it the wrong information in general
about how to behavior at least part of time. In any non—ergodic
interpretation the neutrons behavior at the interference region
depends on the state of neutrons, which in turn depends on its
state before it entered the apparatus and on which arm it did or
didn't travel through. A certain non-negligible portion of the
closed neutrons cannot behave as they would have if one arm were
closed for the whole stream of neutrons. Similarly a certain
portion of the open group must behave differently than they would
if both arms were open for the whole stream of neutrons. For
example, consider the case of an ideal experiment with the
visibility equal to one. In this case fifty percent of the closed
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group should go into each counter according to guantum mechanics
(independent of the phase angle, of course). In the open group
one will find certain phase angles at which all the neutrons must
go into one counter and none in the other. There is a conflict
between the probability distribution that one must impose on the
set of incoming neutrons for the open and closed groups of
neutrons. We have not succeeded in quantifying this conflict in
terms of an inequality, but nonetheless consider this clear. NEI
must predict unknown, but significantly different results than the
usual interpretations of quantum mechanics.
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EXPERIMENTAL RESULTS AND CONCLUSION

The experimental data of Summhammer’'s experiment may be
analyzed in several different ways. First we consider the results
shown in Figure 3 of JS. This compares the open group with a run
made when the arm was continuously open. Any of the usual
interpretations (which may also be called ensemble or ergodic type
interpretations) predict that the curves must be identical in an
ideal expériment. The open group curve (Figure 3c8) shows a little
less (about 5-10%) interference than the that of Figure 3e, but
this may be expected since there are no doubt vibrations from
opening the shutter mechanically which would tend to weaken the
interference. Also the continuously open run uas made under
somewhat different experimental conditions then the open group
runs. Again, since NEI consists of many possible physical
theories it makes no specific prediction. But it clearly says
that there must be significant differences with quantum mechanics.
One may imagine non—ergodic theories which predict very little
difference in the above case. But such theories would alsc
predict that one should see interference in the closed group. No
such interference was seen (the permanently closed curve is not
shown in JS). Therefore these results are consistent with any of

8This curve and the other curves in JS were made in the following
way. Each run gave 20 experimental points of counts versus phase
angle for each counter. These counts were normalized to
compensate for the fact that the neutron intensity from the
reactor was not constant during a given run. Then a curve fit was
made separately for each run and the counts were calculated at 339
phase angles. These counts were then added at their respective
phase angles producing a composite of all the runs. These counts
were further normalized to one to produce the various probability
curves shown in JS. In our own informal amalysis for convenience
we used only 14 of the 18 runs which permitted us to add directly
(after first normalize for intensity variations) at their
respective phase angle avoiding the necessity of performing the
intermediate curve fits. In the various cases we compared this
with the more accurate procedure of JS, no significant differences
were seen.
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the usual Interpretations. However these results in and of
themselves should only be considered to give 2 gualitative
comparison since the two sets of data were not taken under
identical experimental conditions and therefore no concrete
conclusions can be drawn here.

We now consider Figure 4 of JS. This figure isolates out
subgroups of the open and closed groups of neutrons. Curve 4b
(1.e., the curve shown in Figure 4b) shows the behavior of the
very first neutrons that are detected after the shutter is opened.
More accurately it includes only those neutrons that were both the
first neutrons that arrived after a signal was sent to open the
shutter and also arrived at least .25 seconds later tham that
signal was sent. Figure 4e shows the behavior of the first
neutrons that were detected after the shutter was closed. And
Figures 4a and 4d show the behavior of the very last neutrons that
were detected just before a signal was sent to open and close the
shutter respectively. Any of the usual interpretations predicts
that the open Curves 4b and 4d and the closed Curves 4a and 4d
must be the same respectively. Superimposing curve fits on this
data in the two cases shows this to be the case. Although we don’t
have the structure to say that these results are absolutely
inconsistent with NEI, it is very difficult to imagine any
non-ergodic theory which is consistent with these results. A
non—ergodic theory presupposes that the neutrons is conditioned by
the passing neutrons. The subset of first neutrons should not
behavior the same as the subset of last neutrons in both the open
and closed cases in NEI. ;

Figure 5§ of JS presents a detailed chi-square anmalysis of the
subgroups of the first, second and third neutrons that are
detected at least .25 seconds after the arm was opened and closed
ruspect.lve-ly. This analysis shows with extremely high probability
that the data of the first, second and third neutrons behave in
the same way statistically in the both the opened and closed
cases. We superimposed minimum squared curve fits of the
first, second and third neutron when the arm was open (closed).
The curves are practically indistinguishable. This is conclusive
evidence against NEI, since the initial consecutive npeutrons
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should exhibit different statistical behavior.

Finally we consider the following analysis related to the type
of non-ergodic theory considered in Reference (12) which must be
imagined to be consistent with the chopper experiments (see a
previous footnote). In a chopper experiment at low intensity one
must imagine a more complicated memory. It cannot be stationary,
it must change in time in an appropriate manner related to the
chopper frequency. Any such memory conditioning must involve more
neutrons to accomplish. In JS the times at which the neutrons
arrive at the counter determine when a random decision is made to
cl‘nng! the shutter state. This arrival time is in turn related to
the statistics of the neutron beam {and the shutter state) which
is again in turn related to the coherence properties of the beam
since the spectral density of the beam is the Fourier transform of
the second order correlation function. Although .t.he change of the
state of the shutter is random the times at which this is done are
not independent of the beam properties. One might speculate
(perhaps exaggeratedly so} that this might affect the result. In
any case, any such effect would require more neutrons to develop.
in particular, it would imply that the initial neutrons at a fixed
phase angle in the open (closed) state should behave differently
than the final neutrons at that same phase- angle. So we divided
the counts at each phase angle into an.initial group and a fimal
group of neutrons. That is, we separated the first N neutrons and
last N neutrons at each phase angle, where we used several
different values of N. Then they were separated into the open and
closed cases as before and compared with each other an the cases
of Figures 3 and 4 discussed above. In all the respective
superimposed curve fits no significant differences were seen.

In conclusion, the data was analyzed in various ways. All of
them gave results consistent with the usual interpretations of
quantum mechanics and inconsistent with any expected prediction of
NEI. Therefore the hypothesis that the experimental time averages
are equivalent to the conceptual quantum mechanical ensemble
average now has solid experimental support. That is, the physical
assumption that particles which consecutively pass through an
interference apparatus must be independent as long as they pass
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Figure 1. Summhammer’s experiment. A Mach-Zehnder neutron
interferometer with a shutter in the right arm which may be random
opened and closed. This turns the apparatus randomly to a one or

two arm experiment. Figure reproduced from JS.
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