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Bright laser

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120 s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

the upper half. We include Fig. 8 to show the effect of 2! 2
binning; it also portrays 120 s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2! 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 7. The sum of 240 half-second exposures (120 s accumulation time).
The graph and image grayscale is 0–500 counts.

Fig. 8. The sum of 240 half-second exposures (120 s accumulation time)
with 2! 2 binning. The graph and image grayscale is 0–2000 counts.

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0–1000 counts. The image shows the sum of
240 half-second exposures for a total of 120 s of accumulation time with
2! 2 binning.

Fig. 6. A 1-s exposure; the graph and image grayscale is 0–20 counts.
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Dimmer

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120 s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

the upper half. We include Fig. 8 to show the effect of 2! 2
binning; it also portrays 120 s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2! 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 7. The sum of 240 half-second exposures (120 s accumulation time).
The graph and image grayscale is 0–500 counts.

Fig. 8. The sum of 240 half-second exposures (120 s accumulation time)
with 2! 2 binning. The graph and image grayscale is 0–2000 counts.

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0–1000 counts. The image shows the sum of
240 half-second exposures for a total of 120 s of accumulation time with
2! 2 binning.

Fig. 6. A 1-s exposure; the graph and image grayscale is 0–20 counts.
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Photons
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• With fancy detectors, can 
measure how much each pixel 
heats up when hit—how hard it 
was hit.



How hard do they hit?

• Every red photon hits with the 
same strength (energy)


• Every green photon hits with 
the same strength as other 
green photons; and harder 
than red photons



Color

• Color is related to the length of 
the wave (blue short, red long), 
and


• Color is related to how hard 
each photon hits (blue hard, 
red soft)
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Bright laser

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120 s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

the upper half. We include Fig. 8 to show the effect of 2! 2
binning; it also portrays 120 s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2! 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 7. The sum of 240 half-second exposures (120 s accumulation time).
The graph and image grayscale is 0–500 counts.

Fig. 8. The sum of 240 half-second exposures (120 s accumulation time)
with 2! 2 binning. The graph and image grayscale is 0–2000 counts.

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0–1000 counts. The image shows the sum of
240 half-second exposures for a total of 120 s of accumulation time with
2! 2 binning.

Fig. 6. A 1-s exposure; the graph and image grayscale is 0–20 counts.
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Dimmer

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120 s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

the upper half. We include Fig. 8 to show the effect of 2! 2
binning; it also portrays 120 s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2! 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 7. The sum of 240 half-second exposures (120 s accumulation time).
The graph and image grayscale is 0–500 counts.

Fig. 8. The sum of 240 half-second exposures (120 s accumulation time)
with 2! 2 binning. The graph and image grayscale is 0–2000 counts.

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0–1000 counts. The image shows the sum of
240 half-second exposures for a total of 120 s of accumulation time with
2! 2 binning.

Fig. 6. A 1-s exposure; the graph and image grayscale is 0–20 counts.
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Even dimmer

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120 s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

the upper half. We include Fig. 8 to show the effect of 2! 2
binning; it also portrays 120 s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2! 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 7. The sum of 240 half-second exposures (120 s accumulation time).
The graph and image grayscale is 0–500 counts.

Fig. 8. The sum of 240 half-second exposures (120 s accumulation time)
with 2! 2 binning. The graph and image grayscale is 0–2000 counts.

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0–1000 counts. The image shows the sum of
240 half-second exposures for a total of 120 s of accumulation time with
2! 2 binning.

Fig. 6. A 1-s exposure; the graph and image grayscale is 0–20 counts.
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Block one path

filters. Every photon reaching the detector is now polarized
in the direction of the third polarizer and it is no longer pos-
sible to know which slit each photon passes through; as a
result, the interference phenomenon is restored. The marker
and eraser assemblies are shown in Fig. 4.

As in the case of the classical wave version described in
Sec. II B, it should be noted that the polarizing filter between
the light source and entrance slit is essential for the quantum
eraser aspect of the experiment to work. Photons entering the
apparatus are polarized at 45! with respect to each of the
which-path polarizing filters. Thus, the probability of a photon
emerging from either slit is 50%. Whether or not a photon gets
absorbed or makes it through either slit is random, but the
probability is 50/50 for each slit. One could not secure com-
plete double-slit interference if there was an imbalance in the
number of photons emerging from the slits.17 The polarizing
filter between the light source and entrance slit is not necessary
for the simpler experiment that does not involve the which-
path aspect. In this case, the probability of any photon making
it through either slit is the same, regardless of its polarization.

IV. RESULTS AND DISCUSSION

A. Single photon or not?

In our previous paper1 we pointed out that, strictly speak-
ing, we are not detecting single photons of light but rather
single photoelectrons liberated by the light impinging on the
detector; this is still true in the present experiment.
Furthermore, the detection of a photoelectron does not neces-
sarily imply that a single photon arrived. Light from thermal
sources, such as light bulbs, or coherent sources, such as
lasers, is characterized by a distribution of photon numbers.
When using an extremely attenuated beam of light, there
may be on average a single photon in the apparatus, but the
statistical properties of light result in a small probability that
two or more photons arrive together.18 Such a coincidence
has come to be known as “bunching” and is characteristic of
all classical light fields.

For a true single-photon source, the probability of two or
more photons arriving together is zero; this is referred to as
“anti-bunching.” To verify anti-bunching, one could send the
detector signal to a multichannel scaler and create a histogram
of the number of photons detected as a function of the time
interval between different photons. The number should go to
one as the time interval goes to zero. Unfortunately, such a
direct measurement is impossible due to detector and elec-
tronic instrumentation dead-time limitations. Instead, a 50/50
beam splitter and two detectors can be employed to measure
the intensities of the split beams.19 For low count rates, these
intensities can be used to determine the probability of detect-
ing a photon at time s in one detector, conditional on detection
of a photon at time 0 in the other, as given by the normalized
second-order correlation function g(2):

gð2ÞðsÞ ¼ Gð2ÞðsÞ
jGð1Þð0Þj2

¼ hIðsÞIð0Þi
jhIij2

; (3)

where the two-time expectation value for the intensity is nor-
malized to the overall intensity hIi.20

In the case of a single-photon source, the photon is either
reflected by the beam splitter or not; consequently, I(s) goes to
zero at s¼ 0 and g(2)(0)¼ 0. On the other hand, classical sour-
ces must have g(2)(0)% 1.21 Thus, the second-order correlation

function provides a way to differentiate between classical and
quantum-mechanical light sources. This is one of the most fun-
damental phenomena in quantum optics (Glauber, Ref. 12).

Development of single-photon sources is currently a
vibrant field of research and the nitrogen-vacancy (NV) cen-
ter in diamond has received considerable attention as a ro-
bust, room-temperature source of single photons. A new
experiment in our advanced instructional lab can excite and
detect a single NV center. This apparatus was used to pro-
vide a source of single photons for the Young’s double-slit
experiment with a beam intensity of 20,000 photons/s. Since
the area of the double-slit intercepts about 1/10th of the
cross-sectional area of the incident beam, roughly 2000 pho-
tons/s are estimated to pass through the slits. This flux was
not sufficient to be detected with the LucaEM camera; even
with maximum binning the signal remained buried in the
noise. We estimate that a photon flux an order of magnitude
higher is necessary for this camera. It is possible that a high-
end camera operating at much lower temperatures would
work, but its price would be prohibitive.

Although the statistics of the Poisson distribution for a clas-
sical light source allows for bunching of photons, the probabil-
ity of measuring two or more bunched photons is very small
for an extremely attenuated light source. For example, Pearson
and Jackson18 claim that their reduced-intensity laser beam is
comprised predominantly of single-photon states, even though
g(2)(0)¼ 1. They report that 99.9% of their measurements
result in single photons as opposed to coincident photons. This
result suggests that reduced-intensity laser light is a good
single-photon source, a fact that has been utilized in experi-
ments demonstrating interference.22 Furthermore, if the wave
packet is spread out over an array of detectors, such as our
668& 496 pixel array, the probability that two photons from
that single packet are measured in the same pixel is incredibly
small. Thus, to a very good approximation, the single-photon
contribution to the interference pattern is measured.

B. Results

Figure 5 shows the events accumulated by the camera af-
ter 0.1 s. The graph below the image shows the counts binned

Fig. 5. A 0.1-s exposure; the image grayscale represents a range of 0–20
counts. The graph on the bottom shows the number of counts binned in the
vertical direction as a function of horizontal position. Full scale is 20 counts.
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�WKH�LQWHUIHURPHWHU�RXW�RI�RQH�PRQROLWKLF�SLHFH
�RI�FU\VWDO�WKDW�UHPDLQV�LQWDFW�DW�WKH�EDVH�
�WKHUHE\�HQVXULQJ�WKDW�WKH�DWRPV�LQ�WKH�VODEV�DUH
�VSDWLDOO\�FRKHUHQW��7KH�WHFKQLTXH�KDV�PDGH
�SRVVLEOH�SUHFLVH�PHDVXUHPHQW�RI�WKH�PLQXWH
�HIIHFWV�RI�JUDYLW\�RQ�VXEPLFURVFRSLF�SDUWLFOHV
�VXFK�DV�WKH�QHXWURQ�

�SKRWRQ�ZLOO�ILQG�DORQJ�LWV�WUDMHFWRU\
�RQO\�SKRWRQV�ZLWK�WKH�VDPH�IUHTXHQ
�F\��+RZ�ULJRURXVO\�LV�%UDJJ
V�ODZ
�REH\HG"�,Q�RWKHU�ZRUGV��JLYHQ�D�SHU
�IHFWO\�SDUDOOHO�DQG�PRQRFKURPDWLF
�EHDP�LQFLGHQW�RQ�D�FU\VWDO��ZKDW�LV
�WKH�LQWHUYDO�$G�ZLWKLQ�ZKLFK�WKH
�FU\VWDO�LV�DEOH�WR�JLYH�ULVH�WR�D�GLI
�IUDFWHG�EHDP"�7KH�DQVZHU�LV��YHU\
�VPDOO��RI�WKH�RUGHU�RI�D�IHZ�VHFRQGV�RI
�DUF��LI�WKH�FU\VWDO�LV�SHUIHFW"L�H��IUHH
�IURP�ODWWLFH�LPSHUIHFWLRQV�VXFK�DV
�GLVORFDWLRQV�DQG�LPSXULWLHV�

�7KH�QH[W�SUREOHP�LV�WKH�DOLJQPHQW�RI

�FXOW\��WKH\�FDUYHG�WKH�WKUHH�VODEV
�IURP�WKH�VDPH�VLQJOH�FU\VWDO�EORFN�
�7KH\�FDSLWDOL]HG�RQ�PRGHUQ�VHPL
�FRQGXFWRU�WHFKQRORJ\��ZKLFK�KDG
�GHYHORSHG�VRSKLVWLFDWHG�WHFKQLTXHV
�IRU�JURZLQJ�ODUJH��GLVORFDWLRQ�IUHH
�VLOLFRQ�FU\VWDOV�RI�KLJK�SXULW\��ZLWK
�QHJOLJLEOH�IOXFWXDWLRQV�LQ�ODWWLFH�SD
�UDPHWHU��,Q�VXFK�FU\VWDOV�WKH�DWRPLF
�SRVLWLRQV�DUH�DFFXUDWHO\�ORFDWHG�E\
�FU\VWDOORJUDSKLF�SHULRGLFLW\�RYHU
�GLVWDQFHV�RI�VHYHUDO�FHQWLPHWHUV��$F
�FRUGLQJO\��DWRPV�LQ�WKH�ILUVW�VODE��D�LQ
�)LJ�����DUH�VSDWLDOO\�FRKHUHQW�ZLWK
�DWRPV�LQ�WKH�VHFRQG�VODE��E��ZLWKLQ�D

������-DQXDU\�)HEUXDU\���
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�)LJXUH����$Q�LQWHUIHURPHWHU�RI�WKH�NLQG�GH
�SLFWHG�LQ�)LJ����LV�VKRZQ�KHUH�VFKHPDWLFDOO\
��YLHZHG�IURP�DERYH���7KH�LGHQWLFDO�FU\VWDO
�VODEV��D��E��DQG�F��FDXVH�GLIIUDFWLRQ�IURP�DWRPLF
�SODQHV�SHUSHQGLFXODU�WR�WKHLU�VXUIDFHV��%HDPV

�7�DQG�'�UHVXOW�IURP�FRKHUHQW�VXSHUSRVLWLRQ�RI
�WKH�WZR�EHDPV�WKDW�RULJLQDWH�DW�3��7KH�RSWLFDO
�SDWK�DORQJ�34�FDQ�EH�YDULHG�E\�URWDWLQJ�D�IODW
�SODWH�DL�]��7KH�URWDWLRQ�DQJOH�RI�WKH�SODWH�YDULHV
�WKH�LQWHQVLWLHV�RI�EHDPV�7�DQG�'�

�&�
�&�

������������

�)LJXUH����7KH�LQWHUIHURPHWHU�SLFWXUHG�LQ�)LJ�
���FDQ�GHWHFW�WKH�HIIHFWV�RI�JUDYLW\�RQ�D�QHXWURQ
V

�ZDYHIXQFWLRQ��&L��&���DQG�&��DUH�FRXQWHUV�IRU
�WKHUPDO�QHXWURQV�

�IUDFWLRQ�RI��"��7KH�IDFW�WKDW�WKLV�LP
�SUHVVLYH�DFFRPSOLVKPHQW�ZDV�PDGH
�SRVVLEOH�E\�DGYDQFHV�LQ�FU\VWDO�JURZWK
�WHFKQLTXH�WKDW�KDG�WDNHQ�SODFH�RQO\
�GXULQJ�WKH�VL[WLHV�H[SODLQV�ZK\�LW�WRRN
�VR�ORQJ�WR�GHYHORS�[�UD\�LQWHUIHURP
�HWU\�

�:KDW�DERXW�WKH�WKLUG�UHTXLUH
�PHQW"VPRRWKQHVV�RI�VXUIDFHV�ZLWKLQ
�ZDYHOHQJWK�WROHUDQFHV"�6LQFH�[�UD\V
�DUH�GHIOHFWHG�E\�DWRPV��WKH�SK\VLFDO
�VXUIDFH�RI�D�FU\VWDO�VODE�GRHV�QRW�SOD\
�D�FUXFLDO�UROH��7R�JLYH�D�FRPSOHWH�DQ
�VZHU�WR�WKLV�TXHVWLRQ�ZH�PXVW�FRQ
�VLGHU�WKH�HIIHFW�RI�D�VWHS�RI�WKLFNQHVV
�$W�RQ�RQH�RI�WKH�VODEV�ZKHQ�WKH�VODE
�LV�WUDQVYHUVHG�E\�DQ�[�UD\�EHDP��7KH
�VWHS�LQWURGXFHV�D�SKDVH�VKLIW���U�Q�"
�O�$W�?��ZKHUH�Q�LV�WKH�LQGH[�RI�UH
�IUDFWLRQ��7KH�ZDYHOHQJWK�$�LV�VPDOO
����a��FP���EXW�IRUWXQDWHO\�Q�LV�YHU\
�FORVH�WR���IRU�DOO�VXEVWDQFHV��WKH�GLI
�IHUHQFH�EHLQJ�LQ�WKH�QHLJKERUKRRG�RI
�������,W�LV�HDV\�WR�YHULI\��WKHQ��WKDW�D
�UHODWLYHO\�FRDUVH�ILQLVK�RI�WKH�VXUIDFH
��$W�a�����XUQ��LV�SHUIHFWO\�WROHUDEOH
�DQG�GRHV�QRW�LPSDLU�SKDVH�FRKHU
�HQFH�

�6R�IDU��ZH�KDYH�QRW�H[SODLQHG�WKH
�IXQFWLRQ�RI�WKH�WKLUG�VODE��F��LQ�)LJXUH

����7KH�WZR�EHDPV�45�DQG�65�DUH�FR
�KHUHQW�DQG�ZLOO�SURGXFH�D�VHW�RI
�IULQJHV�ORFDOL]HG�LQ�VSDFH�DW�WKHLU
�PHHWLQJ�SRLQW�5��7KH�IULQJHV�ZLOO�
�KRZHYHU��EH�VSDFHG�VHYHUDO�"QJ
�VWURPV�DSDUW��DQG�WKH�SUREOHP�LV�KRZ
�WR�GHWHFW�WKHP��1R�SKRWRJUDSKLF�ILOP
�LQ�WKH�ZRUOG�KDV�"QJVWURP�UHVROXWLRQ�
�7KH�VROXWLRQ�LV�WR�XVH�WKH�WKLUG�FU\VWDO
�DV�D�UHFHLYHU��ZLWK�WZR�LQSXWV"WKH
�WZR�LQFLGHQW�EHDPV�45�DQG�65��%RWK
�DUH�LQFLGHQW�DW�WKH�FRUUHFW�%UDJJ
�DQJOH��DQG�LQ�WKH�FU\VWDO�WKH\�LQWHUDFW
�FRKHUHQWO\�WR�SURGXFH�WKH�RXWJRLQJ
�EHDPV�7�DQG�'��7KLV�GHYLFH�ZDV�GH
�YHORSHG�IRU�[�UD\V�LQ�������DQG�LW�ZDV
�TXLFNO\�UHDOL]HG�WKDW�WKH�VDPH�SULQ
�FLSOH��ZLWK�PLQRU�YDULDWLRQV��FRXOG�EH
�XVHG�IRU�QHXWURQ�EHDPV�ZLWK�WKHUPDO
�HQHUJLHV��������PH9��EHFDXVH�DOO�RI
�WKH�DUJXPHQWV�JLYHQ�DERYH�DUH�DS
�SOLFDEOH�WR�QHXWURQV��,Q������5DXFK�
�7UHLPHU��DQG�%RQVH�YHULILHG�H[SHUL
�PHQWDOO\�WKH�IHDVLELOLW\�RI�QHXWURQ
�LQWHUIHURPHWU\�����

�*UDYLW\�HIIHFWV
�%HFDXVH�JUDYLWDWLRQDO�IRUFHV�DUH
�H[FHHGLQJO\�ZHDN�ZKHQ�FRPSDUHG�WR
�&RXORPE�IRUFHV��WKH\�SOD\�QR�UROH�LQ
�RUGLQDU\�H[SHULPHQWV��7KHUH�LV�QR

�UHDVRQ�WR�GRXEW�WKDW�LVRODWHG�HOH
�PHQWDU\�SDUWLFOHV�DUH�VXEMHFW�WR�JUD
�YLWDWLRQDO�IRUFHV��KRZHYHU��LW�LV�D
�ZHOO�HVWDEOLVKHG�WUDGLWLRQ�LQ�VFLHQFH
�QRW�WR�WDNH�DQ\WKLQJ�IRU�JUDQWHG��DQG
�H[SHULPHQWV�ZHUH�GHYLVHG�WR�WHVW�WKLV
�VXSSRVLWLRQ��7KH�LGHDO�SDUWLFOH�WR�XVH
�LQ�VXFK�H[SHULPHQWV�LV�WKH�QHXWURQ�
�EHFDXVH�LW�LV�HOHFWULFDOO\�QHXWUDO�DQG
�WKHUHIRUH�LQVHQVLWLYH�WR�HOHFWULF�DQG
�PDJQHWLF�ILHOGV��$OVR��LW�FDQ�EH�VORZHG
�WR�YHU\�ORZ�VSHHGV�DQG�FRSLRXVO\
�SURGXFHG�LQ�D�QXFOHDU�UHDFWRU�

�,Q�WKH�ILIWLHV��0F5H\QROGV�SURYHG
�WKDW�QHXWURQV�GR�LQ�IDFW�IROORZ�SDUD
�EROLF�WUDMHFWRULHV��OLNH�EXOOHWV�IURP�D
�JXQ��L���7KH�QH[W�TXHVWLRQ�WKHQ�EH
�FRPHV�ZKHWKHU�DQG�KRZ�JUDYLW\�DI
�IHFWV�GH�%URJOLH�ZDYHV"L�H��WKH�ZDYH
�SURSHUWLHV�RI�DQ�HOHPHQWDU\�SDUWLFOH�
�:H�DUJXHG�LQ�WKH�LQWURGXFWLRQ�WKDW
�WKH�HDUWK
V�1HZWRQLDQ�SRWHQWLDO�0J\
�VKRXOG�DIIHFW�WKH�SKDVH�RI�D�QHXWURQ
V
�ZDYHIXQFWLRQ��$�VFKHPH�IRU�WHVWLQJ
�WKLV�LGHD�XWLOL]HV�DQ�LQWHUIHURPHWHU�IRU
�QHXWURQV�OLNH�WKH�RQH�VKRZQ�LQ�)LJXUH
����7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG
�LQ������DW�WKH�QXFOHDU�UHDFWRU�RI�WKH
�8QLYHUVLW\�RI�0LFKLJDQ��ZLWK�WKH
�FROODERUDWLRQ�RI�6DPXHO�$��:HUQHU�
�*UDYLW\�DIIHFWV�GLIIHUHQWO\�WKH�WZR
�FRKHUHQW�SDWKV�345�DQG�365��,I��IRU
�H[DPSOH��WKH�SODQH�3456�LV�YHUWLFDO�
�WKH�GLIIHUHQFH�LQ�WKH�JUDYLWDWLRQDO
�SRWHQWLDO�H[SHULHQFHG�DORQJ�345�DQG
�365�VKRXOG�UHVXOW�LQ�D�QHW�SKDVH�GLI
�IHUHQFH�IRU�WKH�WZR�EHDPV��VSOLW�DW�3�
�ZKHQ�WKH\�UHFRPELQH�DW�5��7KH�V\V
�WHP�LV�DQDORJRXV�WR�DQ�RSWLFDO�LQWHU
�IHURPHWHU��ZKLFK�XVHV�PLUURUV�LQVWHDG
�RI�FU\VWDOV��LPPHUVHG�LQ�D�PHGLXP
�ZLWK�D�JUDGLHQW�LQ�WKH�LQGH[�RI�UH
�IUDFWLRQ�

�$OWKRXJK�LW�LV�HDV\�WR�FDOFXODWH�WKH
�GLIIHUHQFH�LQ�RSWLFDO�SDWK�EHWZHHQ
�345�DQG�365�FDXVHG�E\�JUDYLW\��LW�LV
�LPSRVVLEOH�WR�PHDVXUH�LW��EHFDXVH
�JHRPHWULF�LQDFFXUDFLHV�GXULQJ�FRQ
�VWUXFWLRQ�RI�WKH�LQWHUIHURPHWHU�LQ
�WURGXFH�SDWK�GLIIHUHQFHV�DV�ODUJH�DV
�WKDW�DULVLQJ�IURP�WKH�SRWHQWLDO�0J\�
�7KH�VROXWLRQ�WR�WKLV�SUREOHP�LV�WR�UR
�WDWH�WKH�LQWHUIHURPHWHU�E\����"�DERXW
�WKH�KRUL]RQWDO�D[LV�GHILQHG�E\�WKH
�LQFLGHQW�QHXWURQ�EHDP��7KLV�URWDWLRQ
�LQWHUFKDQJHV�WKH�SDWKV�345�DQG�365
�DV�IDU�DV�JUDYLW\�LV�FRQFHUQHG��,W�LV
�KRSHG�WKDW�WKHLU�JHRPHWULF�SDWK�GLI
�IHUHQFH�UHPDLQV�XQFKDQJHG�

�7KH�LQWHUIHURPHWHU�PXVW�WKHQ�EH
�VORZO\�URWDWHG����"��GXULQJ�ZKLFK�WKH
�FRXQWLQJ�UDWHV�&��DQG�&��RI�WKH
�RXWJRLQJ�EHDPV�DUH�UHFRUGHG��7KH

����$PHULFDQ�6FLHQWLVW��9ROXPH���
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Neutrons

Colella, Overhauser, & Werner



Neutron source

Vertical Neutron Interferometer

Stripes!

Fal l i n g

C l i m b ing

Can be used to measure strength of gravity



C32H18N8  (~3000 particles)



All particles move like waves and hit like particles

• From photons, to electrons, to neutrons, to molecules, 
they all move like waves and hit like particles 

• Color is related to both wavelength and energy

Fundamental feature of how our universe works



But which path did the particle really take?

• Problem with the mental model

Laser

Lens

Half-silvered
Mirror to split light

Mirror

Mirror

Half-silvered
Mirror to 

recombine light

Right path

Le
ft 

pa
th

Stripes!



Particles move like waves and hit like particles


