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We have made a search for anomalous X-rays arising from a small violation of the Pauli exclusion principle in current carrying 
copper. No such signal was found. From a minimal set of assumptions we conclude that the probability that a new electron 
introduced into copper would form a mixed symmetry state with respect to the electrons already present in the copper sample, 
thus violating the Pauli principle, is less than 1.7 X 10-26. 

In the past  few years there have been several theo- 
retical re-examinat ions  [ 1-3 ] of  the question: "Can  
the Pauli  pr inciple  be viola ted by a t iny amount?"  
Although no acceptable theoret ical  formula t ion  has 
emerged from these investigations,  the authors  have 
stressed the impor tance  o f  carrying out  more  rigor- 
ous exper imenta l  tests of  the Pauli  principle.  L.B. 
Okun states that  " the  absence of  quant i ta t ive  exper- 
imental  tests of  the Pauli  pr inciple in a toms is like a 
b lank spot on the map  of  exper imenta l  physics."  
Greenberg and Mohapa t ra  [ 2 ] have examined all past 
exper imenta l  da ta  and concluded from these that  the 
probabi l i ty  that  a new electron added  to an ant isym- 
metr ic  collection of  N electrons to form a mixed  sym- 
metry  state rather  than a totally an t i symmetr ic  state 
is ~< 10 -9. The purpose  of  this let ter  is to report  an 
exper iment  in which this l imit  is reduced to ~< 10 -26. 

The idea of  this exper iment  is to in t roduce  new 
electrons into a copper  strip and to look for the K X- 
rays that  would be emi t ted  i f  one of  these electrons 
were to be captured by a Cu a tom and cascade down 
to the 1S state despi te  the fact that  the 1S level was 
already filled with two electrons. Such an event would 
only be possible i f  the symmetry  of  the new electron 
plus the N electrons a l ready in the Cu strip were in a 
mixed state such as state (2, 1, 1 . . . .  ). 

An exper iment  of  this type was carr ied out  [ 4 ] by 
Go ldhabe r  and Goldhaber  in 1948 by bombard ing  
lead with 1~ rays f rom C 14 and searching for K X-rays 
from lead. Their  null results lead to a l imit  of  Paul i  
violat ing probabi l i ty  < 0.03. In the exper iment  de- 

scribed here we pass an electric current  through a Cu 
strip. This forces large numbers  of  electrons from 
outside the Cu strip to enter the copper  for the first 
t ime.  I f  any of  them are in the (2, 1, 1, ...) symmetry  
state with respect to all the electrons in the Cu strip, 
they can be captured by a Cu a tom (mean  free path 
~ 390 A)  and then cascade down with the emission 
of  a K X-ray. We search for the characterist ic  X-ray 
which is shifted by about  - 0 . 6  keV from the 8.04 
keV K X-ray of  Cu. Note  that  electrons that enter 
from outside the Cu strip can be ant i symmetr ic  with 
respect to all the electrons in the cable and trans- 
former of  the external  circuit  but  still be of  mixed 
symmetry  with respect to the electrons in the Cu strip, 
p rov ided  that  a mixed  symmetry  state is allowed at 
all. This source of  electrons is equivalent  to any other  
new electron source such as from a battery. Any ini- 
t ial  conduct ion electrons in the Cu strip that  were in 
a mixed symmet ry  state with respect to the other  Cu 
electrons would have already cascaded down to the 
1 S state and hence would be irrelevant  to this exper- 
iment.  A number  of  exper iments  have been per- 
formed to search for these t ransi t ions [ 5 ] and for the 
unusual  final states that  would be formed in several 
mater ia ls  [ 6 ]. No  violat ion of  the Pauli  pr inciple has 
been observed.  

By using a current  passed through a Cu strip we 
can de te rmine  quant i ta t ively  the number  of  new 
electrons in t roduced into the region under  observa- 
tion. To then parametr ize  our  results in a Pauli  prin- 
ciple violat ing theory, we use the nota t ion of  refs. 
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[ 1,2]. In these theories a pair of  electrons in a mixed 
state has the probability ½f12 for the symmetric com- 
ponent and (1-½flz)  for the usual antisymmetric 
component.  

The experimental apparatus uses a closed propor- 
tional tube counter with a beryllium window as the 
X-ray detector. It is situated above a thin strip o f  cop- 
per which is connected to a controlled 50 A power 
supply. Surrounding the detector is a large array of  
plastic scintillators, used to veto a possible signal from 
charged cosmic rays. The signal from the detector is 
discriminated at an equivalent X-ray energy of  2 keV 
to form a trigger and the signal is fed into a LeCroy 
2259 11 bit voltage peak sensing ADC. The ADC 
value and the condition o f  the power supply is stored 
by computer. After each run the number  of  triggers 
and vetos were recorded. The experiment was in- 
stalled on the ground floor o f  the Muon building at 
Fermilab. 

The X-ray detector, manufactured by Outokumpu 
of  Finland, is described in ref. [ 7]. It is a closed, 1" 
diameter steel tube with a 13 lam wire threaded down 
the center. The tube is filled with 7 at of  a 50/50 mix 
of  argon and neon. The linearity of  the proportional 
tube and its electronics is quite good and at the nom- 
inal value of  530 V is described by 

Energy (keV) = (ADC c o u n t s -  37 ) / 117, 

as was determined by using a variable energy X-ray 
source. The resolution of  the detector in the copper 
X-ray region of  8-9 keV is approximately 15% and 
the efficiency of  photoabsorption in the region is close 
to 100%. Fig. la shows the linearity o f  response o f  
this detector to different energy X-rays. Fig. lb shows 
the spread of  detecor response for each of  these cali- 
bration lines. The stability of  the detector was checked 
over a period of  two months. 

The data was collected during a two month  period 
in 1988. The data set has approximately 142K trig- 
gers with the current at a steady 30 A for 24 h alter- 
nating with current off for the same period. There are 
228K triggers where the current alternates between 0 
and 40 A every 3.3 s. The average trigger rate for these 
data was 0.155 Hz. There are two background runs, 
158K events with a piece of  copper that never had 
current running through it underneath the X-ray 
counter and 175K events where no copper is present. 
The rate o f  triggers for each of  these background data 
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Fig. 1. (a) Calibration of X-ray counter response to four distinct 
energy X-ray sources; Fe, Cu, Rb and Nb. (b). Shape of the re- 
sponse curve of  the X-ray counter to these same four X-ray 
sources. 

sets was 0.161 Hz. Besides this data, calibration runs 
and detector checks were made. The cosmic ray veto 
rate changed during the experiment as more scintil- 
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lators in ant icoincidence were added.  The dead  t imes 
due to these veto rates were negligible. 

The shape of  the A D C  spect rum for each da ta  set, 
with or without  the current  on, are remarkably  simi-  
lar, rising jaggedly f rom 4 keV to 10 keV and with 
more  than one- thi rd  of  the events overflowing the 
ADC. We suspect that  most  of  the triggers arise from 
cosmic-ray neutron flux inducing radia t ion  in the ap- 
paratus.  It is interest ing to note that  this type o f  back- 
ground occurred in an electron decay experiment  and 
could only be reduced by working deep underground  
after a wait of  90 d [ 8 ]. 

Since the relevant  var iable  for de te rmining  exper- 
imental  l imits  for the exclusion pr inciple  is the num- 
ber of  interact ions between a copper  a tom and an 
electron with which it has not  previously interacted,  
we decided to use as background the A D C  spect rum 
from the run with the piece of  copper  which never 
carr ied a current.  Also, since it is unclear  what  the 
status of  the electrons are in a conductor  that  has car- 
r ied a current  through it recently, we decided to dis- 
regard the zero current  set of  data  in the al ternat ing 
current  runs as a source of  background measure-  
ment.  After throwing away da ta  from runs with mal-  
funct ioning equipment ,  this leaves 71K events with 
30 A of  current,  86K events with 40 A and 158K 
events with the untouched piece of  copper  represent-  
ing background.  The t imes represented by these data  
sets are 120 h, 162 h and 272 h, respectively. I f  we 
were to use as background the 175K events taken with 
no copper  strip directly below the counter,  the results 
are essentially identical  to those given below. 

To calculate exper imenta l  l imits,  all spectra were 
normalized to the number  of  triggers at 9.5 keV, which 
is well above the ant ic ipa ted  signal region. To match 
the bin  size to the energy resolut ion of  the detector,  
which is accurate to ~ 15%, we summed  together  100 
channels of  da ta  with current  on. This  plot ted in fig. 
2a, together  with the error  expected f rom gaussian 
statistics. (Note that we plot a 100 channel sum every 
50 channels,  so that  only every other  point  is statis- 
tically independent . )  A s imilar  procedure  was car- 
r ied out for the background runs and displayed in fig. 
2b. The two dis t r ibut ions  are very similar.  The back- 
ground spectrum was then subtracted from the "sig- 
nal"  spectrum and displayed in fig. 2c. No statisti-  
cally significant difference peak signal is seen in the 
5-8 keV region. The statist ical  error  on each differ- 

,< 
:I 
O 
O 
o 
rY 
L~ 
> 
C3 

5Z 

CO 

CO 

kO 
> 
U3 

C3 

800OF(o) 

6 0 0 0  F 

4000 F 

(b) 
6 0 0 0  

4000 

2000 

400 qILJ 
i (c)  

200__~ 

0 

-200 -- 

- 4 0 0 T i l l  
0 

. . . .  I . . . .  I . . . .  I . . . .  

I 

i .... I .... I .... 

i[ 

,,I .... I .... 
2 4 6 8 t0 

X-RAY ENERGY (keV) 

Fig. 2. (a) Number of triggers summed over 100 ADC channels, 
plotted versus equivalent X-ray energy with current-on in copper 
strip below X-ray counter. (Note the points are separated by 50 
channels, so that only every other point is statistically indepen- 
dent). (b) Same as (a) but with no current passing through an 
identical strip of copper. (c) Difference between (a) and (b) 
after normalization at the 9.5 keV point. 

ence poin t  is + 100 counts. Since the dis t r ibut ions  
are steeply falling below 4 keV as seen in figs. 2a and 
2b, the rise in fig. 2c at small X-ray energies can arise 
from small normal iza t ion  differences between the 
current-on and current-off  runs. 

For  an electron that  violates the Pauli  exclusion 
principle,  we expect that  it will make a t ransi t ion to 
a filled inner  shell of  a copper  a tom and that  it will 
cascade down to the filled 1S state. In the process it 
will emit  one or more  X-rays. We have not calculated 
precisely the energy that a Pauli  pr inciple violat ing 
electron will have at any level but  we expect from 
qual i ta t ive considerat ions  that  the X-ray energies for 
t ransi t ions to the K shell f rom a higher energy level 
will be s imilar  to those in the e lement  whose a tomic  
number  is one less - in this case nickel. Nickel 's  K 
a lpha line is 7.5 keV and so we have concentra ted our 
search in the region 6-8  keV. F rom fig. 2 we see that  
there is no significant enhancement  in the da ta  sam- 
ple in this region. 

To determine the experimental  l imit  on #2 from our 
data, we use the following reasoning. The number  of  
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electrons that pass through the metal  beneath the de- 
tector that  are new to this conductor  is N,  ew= 
( 1/e) ~IAt. Each new electron will make  some large 
number  of  scatters off of  a toms in the copper  lattice. 
The m i n i m u m  number  o f  these scatters per  current  
electron that  occur beneath the sensit ive area of  the 
detector  is of  order  D/I~ where D is the d iamete r  of  
the detector  and/~ is the mean free path  of  electrons 
in copper.  The lat ter  pa ramete r  is obta ined  from the 
resist ivity of  the metal.  We assume that  the capture 
probabi l i ty  (aside from the factor ~f12) is greater 
than ~o o f  the scattering probabili ty.  (We est imate that 
the most  likely value for this ratio is one. For  small 
f12, the probabi l i ty  of  electron capture in the strip be- 
fore reaching the sensit ive area is negligible.)  Geo- 
metr ical  factors arising from the circular  aperture  of  
the detector  and the fact that  it is s i tuated on one side 
of  the metal  only yield a factor n/8. One more  factor 
arises due to the fact that  X-rays coming from any 
a tomic  t ransi t ion in the metal  may be absorbed be- 
fore they reach the surface and are subsequently de- 
tected. We take the cross section for X-rays in copper  
for the energies noted above to obta in  the mean ab- 
sorpt ion length 2 =  1/ap. Therefore the fraction of  
current  that  is visible to the detector  is 2/z, where z 
is the thickness of  the copper  strip. Thus the number  
o f  X-rays expected is 

1 2 1 Nx >i ~fl N,  ew 'r6Nin," (geometr ic  factor)  

-- f l2(ZIAt)D ~ 21-o. 
eltpza 

Then for ~ I A t = 1 5 . 4 4 × 1 0  6 C, D = 2 . 5  cm, / t=  
3 .9× 10-6 cm, p =  8.96 g / c m  3, a_~ 100 cm2/g, z = 0 . 1 5  
cm, e =  1.6× 10-19 C, wege t  

Nx >/f l2(0 .90× 1028) • 

Taking as a l imit  of  observat ion three s tandard  de- 
viat ions from the zero observat ion of  X-rays in the 

expected region, we get for the Pauli  principle violat-  
ing paramete r  

3-100 
f12< 0.90×1028 = 3 . 3 × 1 0 - 2 6  a t > 9 5 % C L .  

To conclude, we have found that  there is no signif- 
icant X-ray signal above background coming from a 
piece of  copper carrying current. We can interpret this 
as a l imit  on the strength of  Pauli  exclusion principle 
violat ing interact ions between external  electrons and 
copper  a toms of  magni tude  less than 
½f12= 1.7X 10 -26. 
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