Blackbody Radiation
Introduction:

This is one of the key experiments that led to the development of Quantum Equipment:
Mechanics. INGLUDED:

. . N . N 1 | Prism Spectrophotometer Kit 05-8544
The spectrum of an incandescent light bulb is scanned by hand using a prism 1| Optics Bench (80 cm) 058541
spectrophotometer that measures relative light intensity as a function of 1 | Spectrophotometer Accessary Kit | 0S-8537
angle. A Broad Spectrum Light Sensor is used with a prism so the entire 1_| Aperiure Bracket 05-85348
spectrum from approximately 400 nm to 2500 nm can be scanned without th 1 _|Broad Spectrum Light Sengor PS-2150
overlapping orders caused by a grating. The wavelengths corresponding to 1 Rotaty Movon Senser PSZIEA
the angles are calculated using the equations for a prism spectrophotometer. 3 Repliemem Bulb (10 pk) SE-8508
The relative light intensity can then be plotted as a function of wavelength as 1| Banana Plug Cord-Black (5 pack) | SE-8751
the spectrum is scanned, resulting in the characteristic blackbody curve. The NOT INCLUDED, BUT REQUIRED:
intensity of the light bulb is increased, increasing the temperature, and the 850 Universal Interface [ ui-5000
scan is repeated to show how the curves nest with a shift in the peak ﬂp‘mm Capetane [

wavelength.

The temperature of the filament of the bulb can be estimated indirectly by
determining the resistance of the bulb from the measured voltage and
current. From the temperature, the theoretical peak wavelength can be
calculated and compared to the measured peak wavelength.

This experiment should be performed in a room with reduced light levels
although complete darkness is not required.

Weitten by Chuck Hunt
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Theory:

The intensity per wavelength, I,(A, T), as a function of wavelength of radiation emitted by an ideal body (a blackbody since a
ideal emitter must also be an ideal absorber) is given by Planck's Radiation Law:

_2nch( 1
1,()\;1—)— A (e(brf)l.k]")_l) (1)

where c is the speed of light in a vacuum, h is Planck's constant, k is Boltzmann's constant, T is the absolute temperature of
the body, and A is the wavelength of the radiation. Any real object must emit less at all wavelengths.

The wavelength with the greatest intensity is given by
A max = (constant)/T = (0.002898 m*K)/T (2)

The temperature of the blackbody light filament can be calculated using the resistance of the filament while it is lit. We find
the resistance (R) by measuring the voltage (V) and the current (1) and using R = V/I. The resistance of the tungsten filame:
is a nonlinear function of the temperature. Using the measured resistance to calculate the temperature is discussed in
Appendix rz

The wavelength is determined by measuring the angle at which the light is dispersed by a prism.
The relationship between the angle and the wavelength is discussed in Appendix)(‘
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Setup A

Optics Bench -
Collimating Lens .
s : Grating Mount

T / Light Sensor
1 s

Ny =

RN A | Focusing

T T \ Lans
Light
Source  Collimating Siit Apertuwe

Degree Plate Disk

Rotary Motion Sensor
High Sensitvity Light Sensor

AT 3: e cieOplioUImEteT. Sy (fop veew) Figure 1: Complete Setup
1. Set up the Prism Spectrophotometer as shown in Figure 1 except place the
Blackbody Light Source close to the left end of the track and the Collimating Slit
closer to it than is shown in the picture to maximize the intensity. Detailed
instructions for mounting the Rotary Motion Sensor and the Degree Plate and Light
Sensor Arm to the spectroscopy table may be found in Appendix 3. Angle

2. Attach the Broad Spectrum Light Sensor to the Light Sensor Arm using the ¥ Indicator ¢
inch bolt (*/4 x 20) with a large black plastic head. Attach the 2 inch black rod to
the bottom of the Light Sensor Arm using aone of the vacant holes. This makes a
convenient handle for sweeping through the spectrum (see fig. 1 above).

3. Mount the Beveled Stop Piece on the bottom of the Light Sensor Arm with the
two supplied bolts (see Figure 2). Position the beveled edge so it will hit against
the angle indicator on the spectroscopy table.

Fig. 2: Bottom View - Beveled Stop
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1. Attach the Mounted Prism to the spectroscopy table by screwing it into the
hole in the center of the table. Screw it down until it almost touches the table.
is critical that the Mounted Prism does not touch the table so the table is free t
maove without moving the prism. Orient the prism with its apex toward the ligh
source as shown in Figure 4. The prism base must be perpendicular to the
incoming light beam. To do this set, turn the table until the index mark is on 0*
and then set the base of the Mounted Prism so it lies along the 0°-180° line on
the table. Secure the prism in place using the wing nut and lock washer on the
bottom of the bolt sticking through the spectroscopy table.

2. Ground the Spectrometer by attaching an alligator jumper cable from the
ground post on the bottom of the spectroscopy table (on the side opposite the
Rotary Motion Senser), and attaching the other end to a ground. A convenient
ground is the silver outside connector for the #2 or #3 Outputs at the lower
right on the 850 Universal Interface.

3. Plug the Blackbody Light Source into the #1 Output on the top right of the
850 Universal Interface. Polarity does not matter.

4. Plug the Broad Spectrum Light Sensor and the Rotary Motion Sensor into
PasPort inputs on the 850 Universal Interface.

5. Plug the Voltage Sensor into the Analog A input (see Figure 1). Attach the
red lead to the red banana lead on the Blackbody Light Source. Attach the blac
lead to the black banana on the Blackbody Light Source. Do Not attach the lea
to the output jacks on the 850. The current is large enough that there is a
voltage drop along the wires connecting the 850 output to the Blackbody Light
Source and we want to measure the voltage at the light source.

Figure 1. Complete Setup
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Procedure Optics Bench Diffraction Grating

1. Set the collimating slits on Slit #4. Set the Light Sensor mask on 5lit #4. See Figure 3. Grating Mount

2. Collimating the system: the Ceollimating Slit must be at the focal point of the first lens and the Senso | L|_ghtA\?renu15a
Mask and Aperture Disk must be at the focal point of the second lens. Move the spectroscopy table bac \X //

to the end of the track it is out of the way. Place the Blackbody Light Source near the end of the track _O\T ! Focusi
and the Collimating Slit near the blackbody light ssurce. Move the Collimating Lens {see figure 3 above / |\ ,_em"g
at least 12 cm from the slit. Have someone with 20/20 vision (corrected by glasses is fine) look through Light

the lens at the slit. Mowve the lens toward the slit until it first comes into sharp focus. The slit should be Source  Collmating St

about 10 cm from the lens. Now move the spectroscopy table as close to the Collimating Lens as - Aperture
possible, Set the Focusing lens 10 cm fram the Sensor Mask. We will adjust this more exactly later, Degree Plate Disk

/{Click the Signal Generator at the left of the screen. Set the waveform for DC and the voltage for 7.0 Fotary Mation Sensor
either by typing it in ar by using the up/down keys to the right of the DC Voltage bar. Turn on the Signz

Generator by clicking OM, High Sensiiivity Light Sensor

Figure 3: Spectrophotometer System (lop view)

4, Set the moveable arm at the center of the track so that the un-deviated light that passes above the
prism from the slit strikes the Sensor Mask, Adjust the Focusing Lens so the image on the Sensor Mask
is as sharp as possible. The system is now well collimated. Logk at the light coming from the Blackbody
Light Source. Observe the color. (Yes, white is a color.)

5. Rotate the movable arm until you see the spectrum. Look at the spectrum on the Light Sensor
screen. Are all the colors (from red to violet) present? What dees this show about white light?

B. Rotate the scanning arm until it touches the stop. This will be the starting position for all the scans.

7. Read step B before you do this step! Click RECORD (at bottom of the page). You must be holding th
scanning arm against the stop when you press RECORD!!! If it s not against the stop, each run will hay
a different zero position and you will not see the position of the peak correctly.

8. The Broad Spectrum Light Sensor tends to drift so the following steps need to be performed as
written, With the sensor are pressed against the stop, press the Tare button on the Broad Spectrum
Light Sensor (the button is illuminated) to zero it. Observe the width of the visible pattern. Using the
handle below the light sensor, sweep rapidly from the stop to a position about one visible spectrum wid
w to the left (ultraviolet side) of the pattern. Slowly rotate the scanning arm through the spectrum to poil
s about two visible spectrum widths to the right {infrared side) of the visible pattern. You should try to
B complete this operation in less than 30 seconds from when you press the Tare button, but try to sweep
at a uniform rate. Now continue rapidly all the way past zero degrees (the position where the light sen:
is directly opposite the light source), slowing as you sweep across the white light peak at zero degrees,
is important that you only sweep in one direction! If you attempt to go back, the Rotary Mation sensor
will lose track of where you are!

9. Click Stop. On the Signal Generatar, click Off. Click on the Signal Generatar Button to close the . Fig. 5: Spectrum on Light Sensor Mask
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Figure 6: Tungsten Intensity vs. Angle
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Analysis 1 35

The wavelengths (A) for the Tungsten Curves are calculated | X2
from the measured dispersion angles. See Appendix 1 (A&B)

for details of this calculation. The larger the angle, the shorter 30 10VRun| ¢
the wavelength. The wavelengths are limited to the range 400 4VRun | @
nm to 2500 nm since the relationship relating angle to JVRun | m
wavelength is only valid for this range and because the glass o 25

the prism does not pass wavelengths above 2500 nm. £
=
If the 4V, 7V, and 10V curves don’t all show on the graph, click § 20
the Run Select icon and then click the small black triangle and £
select all three runs. =
<
1. Does the peak shift toward shorter or longer wavelengths as % 15
the temperature is increased? &
<
10
Shifts to shorter.
5
2. How does the intensity change as the temperature is L
increased? 500 1000 1500 2000 2500
Intensity increases at all wavelengths. Ahm)

Figure 9: Tungsten Curves - Intensity vs Wavelength

Auarys:s

Y R Y U § Aodeo 3. Cdaon 1 2L
Ao Tt fle wll Ao M paple # (tigen) 4 d s

@ i Al gt @ Pl ) fhitinaly oo o ol J RSegl

D Gk Lo RS orihe S Dol bophle oy o ity oo

® Ao wngace, LS one plt ?,,Iw.)[nmj,&ﬂa,
fM’W



3. How did the color of the bulb change with temperature? How did the color composition of the spectrum change with
temperature? Considering the peak wavelengths, why is a bulb’s filament red at low temperatures and white at high
temperatures?

Color shifts to shorter wavelength as temperature increases.

4. At about what wavelength is the peak wavelength of our Sun? What color is our Sun? Why?

The 5un peaks in the yellow [~500 nm). The combination of colers it produces is what we call "white.” Sun's "surface"” temperature is abo
5700 K.

5. For the highest temperature, is mare of the intensity (area of the intensity vs. wavelength graph) in the visible part of the
spectrum or in the infrared part of the spectrum? How could a light bulb be made more efficient so it puts out a greater
percentage of its light in the visible?

Most of the energy is in the infrared. A higher temperature would heip, however, metals melt if they get much hotter.
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Table II: Filament Temperature 15

& set W 4V Run P4 7V Run 7 10V Run [:I L X2
R holder Abs Temp Abs Temp Abs Temp 10V Run
{ohm) {K) K) (K) 30 !

1 1.0 1900 2323 2714
2 2.0 1687 2113 2587
3 4.0 1276 1749 2197 25

4V Run L
7V Run -

Temperature

1. The Filament Temperature for the Run in the table above is calculated using the measurec 20
voltage across the lamp holder and current through the filament, For details of the calculatic
see Appendix 2. Click where it says "No Data" at the top of the first Abs Temp celumn and
select the "4 W Run”. Similarly, select 7 Run and 10V Run for the other two Abs Temp
columns. 15
2. The resistance of the Lamp Holder (R given in the left column of the Filament
Temperature table is about 1.00. 2.0 Qand 4.0 values are also given to show how
sensitive the Temperature value is to this measurement.

A Relative Intensity (%'

3. Optional: you may wish to check the resistance of the Lamp Holder {f.). To do this, use 10
a good chmmeter to measure the resistance between the connectors to the Lamp Holder

The lamp must be at room temperature which means you must wait at least an hour after

having power to the lamp. Connect the chmmeter using banana plugs. Determine the zero
resistance of the meter by first connecting the banana leads together and then connect the 5
banana leads to the Lamp Holder. The lamp resistance is 0,930, Reciger = Rwas - 0930 -

zero resistance. However, this is a tricky measurement since the resistances are small and

depend on how well the banana plugs are seated. In addition, they may vary as the system

heats up. If your measured value is different from 1.0 (it shouldn't be much different),

replace the 1.00 value in the Filament Temperature table with your value, [V}

4. Click on the Run Select icon on the graph toolbar and select the 4V Run. Click the Scale

to-Fit tool fram the graph toolbar. Use the Coordinate tosl (crosshairs) on the Tungsten

Intensity vs. Wavelength graph to find the wavelength where the intensity is maximum, 300 1000 1500 2000 2300
Calculate the temperature using Equation (2) from the Theory section. Enter your value in A nm)

question 1 on the Temp B page. Repeat for the 7V Run and the 10V Run,

Figure 9: Tungsten Intensity vs. Wavelength
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Table IV: Tungsten Resistivity

p T asoo |[_] T Teal 3500
(10-" Q-m) (K) Sat W

5.65 300 - 3000 3000

8.06 400 2500 2500
10.56 500
13.23 600
16.09 700 1500 1500
19.00 800
21.94 900
24.93 1000 500 500
27.94 1100
30.98 1200 20 40 60 80 100
34.08 1300 p (105 Q-m)

2000 2000

TiK)
Teal (K)

1000 1000

[ R . R R VI

=]
SRR~}

12 37.19 1400 : Figure 12: Tungsten Temperature vs Resistivity
Appendix 2

Finding the Temperature: the resistivity of Tungsten over a broad range of temperature is shown in the table {(CRC Handbook"&lition, page E-387). A function that
approximates the data is also given

T{K} = 103 + 38.p - 0.095p* + 0.000248p a6}
wherep is the resistivity in units of 18 W-m. The graph shows the fit between the measured values of T(K) from the table (circles) and the values from equation A6 (line)
We may ignore the expansion of the filament to good approximation, so the resistivity is directly proportional to the resistance and we write
0/0w = RafRo = (R ~ReisdiPa = (VI - Roiah/Ra
£ = ooVl - Rga/Ry (A7)
wherep, is the resistivity at room temperature f, = 5.65<10%0-m) , R, is the resistance of the filament at room temperature (R= 0.93 Q), Ry is the resistance of the filament at

some temperature, R, is the resistance of the lamp holder, B... = ¥/l is the measured resistance of the bulb holder + lamp, | is the current through the filament, and V is the
voltage measured directly across the lamp holder. By measuring V, I, and.Bs; and using Eguations A6 & A7 we determine the temperature of the filament.
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1.Calculated temperatures (from max wavelength):

10V Run: 2490 K
TV Run: 2380 K

AV Run: 2210 K

2. Do your calculated temperatures agree with those inferred from the filament resistance (Filament Temperature table
under Temp tab)?

Crudely. Actually works well for 7V run, but is not so good for 4V & 10V runs. Contact heating is probably increasing the resistance of the
lamp holder for the higher current. If the holder resistance has increased to @ for the 10V, then the temperature values agree reasonably
well. 4V run s not very accurate due to the flat peak. A 50 nm difference (1 division on the graph) would explain the temperature differenc
see. P.5. this seems to be a general trend. The 7V run give reasonable agreement between the resistance temperature and the peak
temperature. The peak temperature is a bit low (100-200K) for the 10V run and all over the map for the 4V run.

Answer to Question 3 on the next page (under Analysis 2 tab):

Matches reasonalbly well, but not perfect. Tungsten is not a blackbedy. In addition, the glass of the prism becomes less transparent at si
and long wavelength.
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Analysis 2: the Plank Equation - 35 35

1. Click on the Run Select black triangle and select the 10V Run. Cli
the Scale-to-Fit tool. Thed.., plot is calculated using The Plank
formula {(Equation 1 in the Theory section). You may verify this by 30 30
examining the Calculator lines 10-14. Change the temperature (Ten

in line 14 to match your calculated temperature for the 10V run. Be

sure that the scales on the left and right sides of the graph are the

same! If they are not, change one of the scales by moving the cursc 25 25
above a number on that vertical scale and when the hand icon
changes to a parallel plate icon, click and drag to stretch the scale

until both are the same. 20 20

2. The “scale” in line 16 is because the Broad Spectrum Sensor is no
calibrated. Also, we need a scale factor of roughly 18 that is built
into line 11 in the Calculator to adjust for the fact that the reading
from the light sensor is in units of % but the units of the theory are il
Wym?. Line 16 allows us to fine tune this. The “scale” is currently 1.0
Change this until the Blackbody curve fk..) roughly matches the
Tungsten curve but is above it everywhere. 10 10

15 15

A\ Relative Intensity (%
Itheory (pW/m?)

3. Does the shape of the curve match the theoretical curve? Can the
bulb really be considered a blackbody? Answer at bottom of Temp E I X2 | ttheory
page. 5 10vRun| * 5

4. Real objects radiate less than a Blackbody. For a real object
hest = €AW liane '/

where e(A) is called the emissivity and is a function of wavelength ar
+ is always less than 1. For unoxidized tungsten at 2000 K, the value | 500 1000 1500 2000 2300
el(A) averaged over all wavelength is 0.260 and at 3000 K it is 0.334 A (nm)
(CRC Handbook, 637 edition, page E-387). To show the true )
blackbady curve, triple the “scale” value so the Blackbody curve s~ Figure 10: Measured compared to Theory
about 3x as high as the Tungsten curve. You will need to adjust the
- vertical scales. First adiust theda. scale on right until thedhear plot




Appendix 1: Finding the wavelength as a function of angle.

The index of refraction of the prism glass varies with the wavelength of the light. To determine the wavelength as a function of
the angle, the relationship between the index of refraction and the angle is determined using Snell's Law at each face of the prisi
and some geometry and basic trigonometry.

sin6P =nsing, (Al) and sin®@=nsing; (A2) &= Snell's
where n is the index of refraction of the prism.
n sin 8z = n sin (60° - 82) = n(sin 60° cos B2 - cos 60 sin B;)
= n sin 607 cos 8; - cos 6CF sin 60° (using Equation Al)
Rearranging this and using Equation A2 yields
ncosB; = (sin B/sin 60°) + sin 60°  (A3)
Squaring Equations AL and A3 and adding them to gives
n? (sin? 8; + cos® ;) = n? = [(sin B/sin 60°) + sin 60°]* + sin? 60°
Putting in values for sin 6(F and cos 60 yields

) o (4 B)

We use this equation to calculate index of refraction (n) values for our measured angles. We then use the n values to calculate
the wavelength using values relating the index of refraction to wavelength for the prism (provided by the supplier of the prism)
(see Table Il under tab Append 1B).
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Table I1T: Prism Data
Index of Refraction Lambda 2600 Iw.l. 2600
o on Mo
1 1.68 23254 - 2400 2400
2 1.69 1970.1 2200 2200 _’M
3 1.69 15296 m
4 1.70 1060.0 2000 2000
5 170 1014.0 m
6 1.71 852.1 _ 1so0 1800
7 1.72 706.5 E E
- 1600 1600 £
a 1.72 656.3 = j—
£ 2
. . . 1400 1400
We need an eguation based on the data in the table to use i 3
our calculations. We use a polynomial and choose the value
of the constants to fit the prism data. The results are not 1200 1200
unigue but fit the data within the uncertainty in the index
implicit in the data table of at least 0.005. The eqguation is 1000 1000
- .| 1 - 2 - 3
2 | = A+ B(n-E)* + C(n-E}? + D{n-E) (AS) 800 800
/V where | is the wavelength in nm, and the constants have
- values: A=320nm,B=1nm, C=0.2 nm, D=0.19 nm, 600 600
- and E = 1.635. On the graph, the circles represent the
prism supplier's data with the size of the circles showing the 400 400
uncertainty, and the curved line is from the above equation
1.68 1.70 1.72 1.74 1.76 1.78
Index of Refraction
Figure 11: Prism Wavelength vs. Index of Refraction
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Table I'V: Tungsten Resistivity

10f i 3500 |:| T Tecal " |-3500
10-7 Q-m) K e
Set B ot
1 5.65 300 3000 — 3000
2 8.06 400 2500 i 2500
: - -
3 10.56 500 o /_, 2
4 13.23 600 - 2000 - 2000 ]
]
5 16.09 700 1500 r 1500
6 19.00 800 -~
1000 1000
7 21.94 900
8 24.93 1000 500 - 500
9 27.94 1100
10 30.98 1200 20 40 60 80 100
11 34.08 1300 p(10=°Q-m)
12 37.19 1400 . Figure 12: Tungsten Temperature vs Resistivity
Appendix 2

Finding the Temperature: the resistivity of Tungsten over a broad range of temperature is shown in the table (CRC Handbocok"&lition, page E-387). A function that
approximates the data is also given

T{K}) = 103 + 38.p - 0.095p + 0.000248p [L13]
wherep is the resistivity in units of 18 W-m, The graph shows the fit between the measured values of T(K) from the table (circles) and the values from eguation AB (line).
We may ignore the expansion of the filament to good approximation, so the resistivity is directly proportional to the resistance and we write
PIPy = RafRy = (Rayas ~RecisadPy = (VI - Ruaah/Re
o = ooVl - RucushfRo (A7)
whergp, is the resistivity at room temperature fy = 5.65x10%°0-m) , Ry is the resistance of the filament at room temperature (R= 0.23Q), Ry, is the resistance of the filament at

some temperature, R 15 the resistance of the lamp holder, B... = ¥/l is the measured resistance of the bulb holder + lamp, 1 is the current through the filament, and V is the
voltage measured directly across the lamp holder. By measuring V. |, and:Bs and using Equations A8 & AT we determine the temperature of the filament.
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This part of the manual describes how to set up the Spectrophotometer -
Source  Coliemating Sit

Spectrophotometer Set Up
V . .
System (see Fig. 3). ~ S 3
= “
This describes how to mount the Rotary Motion Sensor to the hinge on Degroe Pate ;

the Spectrophotometer Base. The top of the Spectrophotometer Base has Fotary Moton Sensor ~ P
a short threaded post for centering the circular Degree Plate and for High Sensvt Lignt Sensor
holding the Grating Mount. It also has a magnetic pad for holding the Figure 2: Spacirophotometer System (lop view)
Degree Plate, and a triangular shaped index marker. One side of the base

has a post upon which the Pinion can be stored when it is not in use. The Hinge Magnet: Pad Pinon

other side has a spring-loaded hinge and two small thumbscrews for * ok

Mounting the Rotary Motion Sensor

mounting the Rotary Motion Sensor (included in the Spectrophotometer Loy
System). On both sides of the base are large thumbscrews and square nuts o
used for mounting the Spectrophotometer Base on the Optics Bench (see

Fig. 4). The Rotary Motion Sensor has a three step pulley attached to its smai [J] Index
shaft with a small thumbscrew. The sensor also has a rod clamp attached z e b

SCIEWS .] ~ Threaded Post

one end. First, remove the small thumbscrew and three step pulley from
the Rotary Motion Sensor shaft. Then, remove the rod clamp from the Figure 4: Spectrophotometer Base (top view)
Rotary Motion Sensor (see Fig. 5). R Se—
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Mounting the Rotary Motion Sensor (cont.)

Remove the two small thumbscrews from the threaded storage holes on
the side of the Spectrophotometer Base and set them aside for the
moment. Remove the Pinion from the storage post on the opposite side of
the Spectrophotometer Base and set the Pinion aside for a moment (see
Fig. 6). Rotate the hinge away from the side of the base until the hinge is
almost perpendicular to the base. Use the two small thumbscrews to faste)
the Rotary Motion Sensor to the lower set of holes on the inside of the
hinge. Place the Pinion all the way onto the Rotary Motion Sensor shaft
and tighten the Pinion on the shaft by turning the small thumbscrew on the
side of the Pinion (see Fig. 7). Connect the Rotary Motion Sensor to the
PASCO interface.

Mounting the Degree Plate and Light Sensor Arm

The Degree Plate and Light Sensor Arm are shipped as a unit. The Light
Sensor Arm is attached to the circular Degree Plate with two small
thumbscrews. The hole in the center of the Degree Plate fits over the
short threaded post on the top of the Spectrophotometer Base. Hold the
Rotary Motion Sensor slightly away from the base so the small diameter
post on top of the Pinion is not in the way of the edge of the Degree Plate,
Pasition the hole in the plate over the short threaded post on the top of
the base. Place the Degree Plate onto the Spectrophotometer Base. Let
the small diameter post on the top of the Pinion rest against the edge of
the Degree Plate (see Fig. 8).
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Figurs §: Prepars the Hings ~[\';,.
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Figure T: Attach the Sensor and Pinion
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