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Advanced labs are often fairly cookbook, in-
structing students step by step what to do. This 
is justified in part by students’ lack of familiarity 
with the more complex equipment used in many 
advanced experiments. Do students, through 
practice with a variety of advanced experiments, 
learn how an experiment should be designed and 
run? Or does a steady diet of labs with detailed 
instructions preclude the critical thinking needed 
to design an experiment? We attempted to an-
swer these questions. 
 



1. The Assignment 
 
Part 1: “You have available a diode laser (670 
nm wavelength) that can be pulse modulated at 
very high speeds, a pulse generator, a fast pho-
todiode detector, various mirrors, and a scope. 
Devise an experiment to measure the speed of 
light in air.” 
 
Part 2: “Actually, you can’t measure the speed 
of light. Unlike other constants of nature that 
are known empirically – such as h or e – the 
speed of light is defined: 

c = 299,792,458 m/s by definition 
Consequently, 

1 m = distance traveled by light in 
1/299,792,458 s 

With this in mind, use the defined value of c to 
measure the distance between the two lines 
marked on tape on the lab bench. Compare your 
result to the distance as measured by a cali-
brated tape measure.” 



2. The Students 
 
Junior and senior physics majors in the third 
quarter of a three-quarter “Modern Physics Lab.” 
In the previous two quarters they had done the 
typical experiments (e/m, the photoelectric ef-
fect, etc.) as well as more sophisticated experi-
ments on gamma spectroscopy, Compton scat-
tering, the Zeeman effect, and the muon life-
time. 
 
All had taken a sophomore-level electronics lab. 
About 50% had taken a junior-level optics lab. 
 
Instructor A: 13 students in 7 groups 
Instructor B: 8 students in 4 groups 



3. The Apparatus 
 
 

 
 

Nothing was hooked up or turned on when the 
students arrived. 
Sitting beside the laser were 3 mounted mirrors 
and a long tape measure. 
The laser could be pulsed off and on with a 
switching time of ≈ 2 ns.  
The oscilloscope was a 500 MHz digital scope 
with a time resolution of ≈0.2 ns. Students were 
quite familiar with the operation of the scope. 



4. Expectations 
 
Students had performed many prior experiments 
in which the basic plan was to 
• Take data by varying an independent parame-

ter over a range of values. 
• Plot the data in such a way as to get a straight 

line, then fit it. 
• Compare the experimental slope to a theoret-

ical prediction to extract useful results. 
 

A falling edge turns on the laser. A short time 
later, a detector signal is seen on the scope: 

 
The measurable time delay is 

texp = t + t0 
where t is the actual laser-to-detector travel 
time of the light while t0 consists of the trigger-
to-firing delay of the laser electronics, any delays 
due to cables of unequal lengths, etc.  



 
During time t, the light travels distance  

d = ct = c(texp – t0) = ctexp – ct0 
If texp is measured as the distance d is varied (by 
moving the mirror), theory predicts that a graph 
of texp versus d will be linear with slope c : 

 
 
Our expectation was that students would meas-
ure the delay time for several mirror positions, 
make a graph, then use the slope of the graph to 
determine c. Prior to the students doing this ex-
periment, Instructor A obtained c = (2.98 ± 
0.02) x 108 m/s using 6 distances ranging from 
d ≈ 2 m to d ≈ 12 m. 



5. Boundary Conditions 
 
• Students had 3 hours. 
• Students had downloaded the short instruction 

sheet from the course web site. They are sup-
posed to read through the instructions of each 
experiment prior to lab, but few do. There was 
no evidence that students had thought about 
the experiment prior to arriving in lab. 

• Instructor A provided no hints or help. Ques-
tions like “Will this work?” or “Is this the right 
way to do it?” were answered with “Try it and 
see.” 

• Instructor B provided students with a hint that 
there are could be inherent electronic delays in 
the laser and/or detector. 



6. Results 
 

Number of students meeting expectations: 0 

 



7. Instructor A Students: No hints 
 
• Only 1 of 7 groups made measurements at 

more than one mirror distance. 6 of 7 used 
one mirror distance, usually a fairly short one 
(d ≈ 2 m), then calculated c = d/texp. 

• The one group using several distances did not 
graph or fit their results. They tabulated the 
data, then calculated ∆d/∆t from neighboring 
entries and averaged their results. 

• No groups expressed conscious awareness that 
there were inherent delays in the laser elec-
tronics or other possible contributions to the 
measured texp. They simply measured the time 
from the pulse generator trigger to the leading 
edge or peak (depending on the group) of the 
photodiode signal and called that the light 
travel time. A couple of groups used methods 
that cancelled the additional delays (by calcu-
lating a ∆t), but they seemed unaware of this. 



• Reported values of the speed of light ranged 
from 0.95x108 m/s to 3.42x108 m/s. Many 
claimed their results to be “reasonable” con-
sidering the equipment provided, with few do-
ing any significant error analysis. None noted 
that distances were being measured to better 
than 1% (a few mm out of several m) and 
times to around 1% (a few tenths of a ns out 
of a few ns), so that a “reasonable” error 
should be on the order of 1%. 

• Measurement of the distance between two 
marks on the table was better, although hardly 
outstanding, since the obvious method of 
measuring ∆t when the mirror is moved auto-
matically cancels any electronic delays or other 
delays. No group seemed aware that this can-
cellation was happening or was important. 

 



8. Instructor B Students: Given hints 
 
• 3 of 4 groups used only one distance, usually a 

fairly short one, but they did first measure t0 
by measuring the delay with the photodiode 
placed right at the laser output (d ≈ 0). After 
correcting for t0, their one-point measure-
ments of c ranged from (2.9±0.1)x108 m/s to 
(3.1±0.2)x108 m/s, with uncertainties based 
on their estimates of timing uncertainties. 

• One group measured texp versus d for 5 dis-
tances, plotted the results, fitted the line (so 
far so good!), but then used only the y-
intercept, from which they inferred the inher-
ent delay time t0. They failed to recognize that 
the slope of their graph was c. 



9. Conclusions 
 
1. Despite extensive experience in advanced 

labs, students were uniformly unsuccessful 
when faced with the challenge of designing 
their own experiment. The experiment had 
minimal technical requirements and was based 
only on concepts from introductory physics. 

2. 0 out of 21 students devised or followed a 
procedure similar to the procedure they had 
been led through in >10 advanced experi-
ments where they had simply followed direc-
tions. Few even questioned quite unreason-
able results. 

3. Apparently, the critical thinking of how to de-
sign and run an experiment – even a very sim-
ple experiment – is not learned simply by 
emulating many famous experiments. 

4. These findings mirror PER studies of intro 
physics laboratories, where little evidence of 
measurable learning is found when students do 
“cookbook” labs or labs that simply “verify” a 
textbook result. 



5. For students to successfully make the transi-
tion to “experimentalists,” it would appear that 
they need to be more involved in the thought 
processes and decision making of how an ex-
periment should be designed, run, and ana-
lyzed. Changing labs to do so will be slower, 
with fewer experiments completed, but it may 
well have larger learning value. 

 


