Handout for Plasma Physics: Plasma Probes∗
Jeremiah Williams†
Physics Department, Wittenberg University.
June 27, 2014
This document is intended to be a short reference for the Plasma Physics: Plasma Probes ALPhA Immersion
that was held at the Princeton Plasma Physics Laboratory from June 24 - 26, 2014. This document includes:
1. Parts list for two different experimental setups
2. Detailed description of the analysis process.
3. Representative results
4. List of potentially useful references.
If you have any questions on these materials or would like additional information, you can reach me by
e-mailing me at jwilliams@wittenberg.edu.

∗ This document was prepared as part of the ALPhA Immersion Plasma Physics: Plasma Probes held at the Princeton
Plasma Physics Laboratory from June 24 - 26, 2014. An updated version of this material will be maintained on my lab
webpage: http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html
† This material is based upon work that is partially supported by the National Science Foundation under Grant No. PHY0953595.
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Simple Langmuir Probe Experiment

This version of the experiment is built around an older vacuum triode, OA4G, and is based off of an article
in the American Journal of Physics1 . The plasma is ignited by applying a bias across two of the electrodes
within the tube, while the third electrode serves as a Langmuir probe. While this version is more limited, it
has the advantage of being relatively simple, self-contained and inexpensive.
• OA4G Tube (2)
– This item is no longer manufactured, but it can be found on e-Bay for (typically) under $20 per
tube. You will want to get one of the earlier versions of this tube where you see the inside of
the tube (manufactured by either RCA and Sylvania), not the ones that are enclosed in a black
metal case. The new version (in the black metal case) has a slightly different internal geometry
that does make them well suited for this experiment.
– Different manufacturers used different sized wires for the trigger anode, which is used as a Langmuir Probe . As such, you may want to buy two tubes, one for the experiment and one to
break open to measure the size of the probe. In the immersion, we used the RCA tube with
φ = 0.76 ± 0.02 mm and l = 2.54 ± 0.02 mm.
– You will need a collection of wires to connect everything. To make things simpler, we constructed
a small project box with three banana plugs to connect to the three pins on the OA4G tube. This
is not necessary but it does make things easier.
• Power Supply to generate a discharge (1)
– Any power supply will work, but you will want it to be current limited and will need ∼100V to
ignite the plasma. In the immersion, we used an Agilent DC Power supply (Model # E3612A),
which can provide 0 - 120V at 0 - 250 mA. If your power supply is not current limited, a high
power resistor (∼75 - 100 kΩ) in series with your power supply will limit the discharge current.
The discharge current should be limited to under 120 mA to extend the life of the tube.
• To measure a Langmuir trace, you will need to vary the voltage applied to the probe and then measure
the current collected by the probe. For the OA4G tube, you will need to vary the voltage over a range
of ∼ ±15V. In the immersion, we used a regulated, linear power supply from International Power
(Model#IHAD15-0.4), which provides an output of ± 15V. This output was connected across a 10
turn potentiometer to provide a variable voltage. A pair of multimeters can be used to measure the
probe bias and current collected. Alternatively, you can measure the I-V trace directly using source
meter. In the immersion, we used a Keithley 2400 source meter.
∗ This document was prepared as part of the ALPhA Immersion Plasma Physics: Plasma Probes held at the Princeton
Plasma Physics Laboratory from June 24 - 26, 2014. An updated version of this material will be maintained on my lab
webpage: http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html
† This material is based upon work that is partially supported by the National Science Foundation under Grant No. PHY0953595.
1 I. Alexeff, J. T. Pytlinski and N. L. Oleson, Am. J. Phys. 45, 860 (1977).
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The figures below should help clarify the setup.

Figure 1: Geometry of the OA4G tube.

Figure 2: Schematic of the experimental circuit. PS1 is used to ignite and maintain the discharge plasma,
while PS2 is used to measure the I-V trace.

Figure 3: Photograph of the simple Langmuir probe experiment. PS1 is used to ignite and maintain the
discharge plasma, while PS2 is used to measure the I-V trace. The inset shows the interior of the box that
holds the OA4G tube.
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Figure 4: Photograph of interior of the OA4G tube.
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Less Simple Langmuir Probe Experiment

This approach makes use of a vacuum system. In addition to the ports for the gas system (vacuum pump
and gas inlet) and electrodes (to generate the plasma), you will need one additional port to provide access
for the Langmuir probe. The attached part lists on the pages that follow assumes that this additional port
is a KF (or NW) 25 connector. While we include parts lists from the Kurt J. Lesker company (for vacuum
components) and McMaster-Carr (for the probe), the necessary parts can be found from other vendors.
1. In terms of the items on the parts list from the Kurt J. Lesker company, the following items are optional
but may make things easier to assemble.
• (1) KF16 Full Nipples (304L SS), Part Number QF16-075-N

• (1) KF16 Cast Clamps (Aluminum), Part Number QF16-075-C

• (1) KF16 Centering Ring (SS with Fluorocarbon O-Ring), Part Number QF16-075-SRV
• (1) Torr Seal Low Vapor Pressure Epoxy, Part Number V9530001

$41.20
$6.20
$6.20
$52.00

2. To do this on the chromatography setup that was used in the plasma immersion experiments, you will
need to have a chromatography tube with (at least) one port in the middle region of the chromatography
setup and the 12 stainless steel tube would need to be replaced with the appropriate sized tube (this
would have been a 14 stainless steel tube if you used the chromatography tube that was used in the
spectroscopy experiment). This would require a different adapter than the Braze KF (QF) Flanges
(Brass) [Lesker Part No QF16-050-BF].
3. You will need to have brazing equipment, which can be obtained at a modest cost at retailers such as
Lowe’s.
4. To measure a Langmuir trace, you will need to vary the voltage applied to the probe and then measure
the current collected by the probe. The range of voltages that you will need will depend on the plasma
that you are looking at. For the DC discharges that were looked at in the immersion, a power supply
that can provide ∼ ±100V should cover most of what you need. The probe measurement is made
around the floating potential (this can be found by measuring the voltage on the probe while it is
sitting in the plasma), so it may be necessary to have a second power supply to provide an offset. A
pair of multimeters can be used to measure the probe bias and current collected. Alternatively, you
can measure the I-V trace directly using source meter. In the immersion, we used a Keithley 2400
source meter.
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The figure below shows an expanded view of the probe that was constructed/used at the immersion.
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From: Kurt J. Lesker Company Sales@lesker.com
Subject: {Disarmed} KJLC Viewport - Emailed Cart Information
Date: June 18, 2014 at 12:43 AM
To: jwilliams@wittenberg.edu

Dear Jeremiah Williams,
The following cart information was emailed to you from the Kurt J. Lesker Company's Viewport Account of Jeremiah Williams
Viewport Account user's email address: jwilliams@wittenberg.edu
Notes about this Cart information:
Emailed Cart Summary
Part No

Description

Availability

Unit Price

QF16-050-BF

Braze KF (QF) Flanges (Brass)

In Stock

$7.25

1

$ 7.25

QF25XVC050

KF (QF) Flange to Quick Connect
Fitting Adapter

In Stock

$70.00

1

$ 70.00

IFTBG012038

INST F/T,BNC,GRNDED,500V,(1)
.094"SS COND,3A,QF16

In Stock

$100.00

1

$ 100.00

FTASSC094

CONNECTOR,PUSH ON TO .094"
PIN 15A,UP TO .050"WIRE,10/PKG

In Stock

$48.50

1

$ 48.50

QF16-075-N

KF (QF) Full Nipples (304L SS)

In Stock

$41.20

1

$ 41.20

QF16-075-C

CLAMP,ALUMINUM,QF16,CAST 1/2"
In Stock
& 3/4"

$6.20

2

$ 12.40

QF16-075-SRV

CENTERING RING,SS,QF16,VITON
O-RING,3/4"

In Stock

$6.20

2

$ 12.40

QF25-100-SRV

CENTERING RING,SS,QF25,VITON

In Stock

$8.25

1

$ 8.25

V9530001

Torr Seal Epoxy Resin Leak Sealant

In Stock

$52.00

1

$ 52.00

Prices are F.O.B. Jefferson Hills, PA (sales taxes for PA, CA, AZ, GA, IL, NC
& NJ added as appropriate). Availability of items are quoted with the most
current information, however, changes in availability may occur

Sub Total:

Quantity

Subtotal

$352.00
(US Dollars)

* Sub Total does not include shipping / handling
or any applicable fees

ABOUT TRUST ONLINE

$(document).ready(function() { _cursign = '%24'; getRates(); } );
If you have any questions, please reply to this email and let us know how we can help.
Sincerely,
Kurt J. Lesker Company
www.lesker.com

U.S.A. (Pittsburgh)
PO Box 10 –
1925 Route 51
Clairton, PA 15025
T: 800-245-1656 | 412-387-9200
F: 412-384-2745

U.K. (Hastings)
15/16 Burgess Road
Hastings, East Sussex
TN35 4NR, England
T: +44 (0) 1424-458100
F: +44 (0)1424-458103

Canada (Toronto)
1111 Flint Road Unit 4
Toronto, Ontario
M3J 3C7, Canada
T: 1-416-588-2610
F: 1-416-588-2602

China (Shanghai)
Building 63, Lane 1000
Zhangheng Road
Pudong New Area
Shanghai 201203, China (P.R.)
T: 86-21-50115900
F: 86-21-50115863

©2014 Kurt J. Lesker Company all rights reserved.
This e-mail was sent to you because you are either a friend or associate of the Kurt J. Lesker Company.

Your Order

6/27/14, 11:37 AM

Date
Purchase order
Order created by

June 27, 2014
Jeremiah Williams (jwilliams@wittenberg.edu)

Ship to
Wittenberg University
225 N. Fountain Ave
Physics
Springfield, OH 45504

Send invoice to
jwilliams@wittenberg.edu
Payment method
Visa(*****6300)

Attention: Jeremiah Williams
Shipping method
Ground

Line

Quantity

Product

Ships

Unit price

Total

1

1 each

89895K743

Type 304 Smooth-Bore Seamless Stainless Steel Tubing, 1/2" OD,
.444" ID, .028" Wall, 1' Length

today

$9.31 each

9.31

2

1 each

8746K11

NON-Porous High-Alumina Ceramic Tube, .125" OD, .063" ID, 12"
Length

today

$14.90 each

14.90

3

1 each

3775K43

Ultra-High-Temperature Tungsten Wire, 0.032" Diameter, 1/16 lb.
Spool, 9' Long

today

$64.49 each

64.49

Merchandise total

$88.70

Applicable shipping charges and tax will be added.

Phone (330) 995-5500 Fax (330) 995-9600 Internet www.mcmaster.com Email cle.sales@mcmaster.com

http://www.mcmaster.com/OrdPad/OrdPadPrt.aspx?ordid=9020321474085&time=1403883405781
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Langmuir Probe Circuit

Figure 5 depicts three different approaches to measuring a Langmuir trace. In the simplest (both conceptually
and in practice) approach, Fig. 5(a), a variable power supply is used to vary the probe bias voltage and the
probe current is measured using the voltage drop across the resistor (typically, 10 - 1000 Ω). A more complex
version involves applying a variable voltage (i.e. the triangle/ramp output of a function generator) to the
probe tip, Fig. 5(b). The current is again measured across a resistor to ground. This circuit can be a simple
as a 555 wired to generate a triangle wave and an op-amp wired as a voltage follower to the circuit seen at
the end of this document.2 The final approach, Fig. 5(c), involves using a source meter. This is perhaps the
most flexible (and expensive) approach to measuring a Langmuir trace.

Figure 5: Schematic of three circuits of increasing complexity to measure a Langmuir trace . The probe bias
voltage, Vp , is measured using a multimeter and the current collected by the probe is found by measuring
the voltage drop across a resistor, Vr .

2 This

circuit comes from Ruzic, D. N., Electric Probes for Low-Temperature Plasmas, (AVS Monograph Series, New York,

1994).
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Analysis of a Langmuir Probe Trace∗
Jeremiah Williams†
Physics Department, Wittenberg University.
June 27, 2014
The Langmuir probe is a common diagnostic technique in low temperature plasmas (e.g. plasmas with
Te ∼ a few eV 1 ) and is used to measure the plasma density, electron temperature and the plasma potential.
Typically,a Langmuir probe consists of a bare wire (or metal disk/sphere) that is inserted into a plasma.
When a bias is applied to the probe, the probe will collect electrons and ions from the plasma in the area
surrounding the probe. At negative (positive) biases, protons (electrons) and only the electrons (protons)
with sufficient energy to overcome the potential barrier of the probe are collected. As the probe bias is
varied, the fraction of the electron and ion distributions that are collected varies. The resulting I-V trace
will resemble what is seen in Fig. 1.
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Figure 1: A representative Langmuir probe trace with different regions of interest indicated.
Each of the regions indicated in Fig. 1 corresponds to unique populations being measured. At large
negative biases (region A), only ions are collected by the probe. This is known as the ion saturation current,
Iis . In region B, the ion saturation current plus a small amount of the electron distribution is measured.
The voltage when the net current collected is zero is known as the floating potential, Vf . In region C, an
increasing fraction of the electron distribution is measured. At the knee of the curve, known as the plasma
potential (Vp ), you are now measuring the entire electron distribution and some of the ion population is being
repelled (region D). In region E, only electrons are collected by the probe and this is known as the electron
saturation current, Ies . In region F, the probe is beginning to act as a source of electrons. The electron
temperature and density can be found from region C and E respectively, while the plasma potential can be
found from the intersection of these regions. It should be noted that under some experimental conditions,
it is possible to not observe Regions D and E. In this case, you can only find the electron temperature from
the I-V trace obtained with a Langmuir Probe.

∗ This document was prepared as part of the ALPhA Immersion Plasma Physics: Plasma Probes held at the Princeton
Plasma Physics Laboratory from June 24 - 26, 2014. An updated version of this material will be maintained on my lab
webpage: http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html
† This material is based upon work that is partially supported by the National Science Foundation under Grant No. PHY0953595.
1 It is common practice in the area of plasma science to report the temperature in the energy unit, eV, where 1 eV is 11,600 K.
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Analysis Procedure

The I-V trace obtained from a Langmuir probe can be analyzed using the following recipe.2 You should refer
to Merlino, Am. J. Phys, 75 (2007) for details on the mathematical representation of a Langmuir Probe
trace.
1. Perform a linear fit to the ion saturation region to find the ion saturation current and then subtract
the ion current from the total current in the I-V trace to obtain the electron current.

!"#

$!%#$

Figure 2: (a) Plot of the I-V trace and fit to the ion saturation current region (b) Plot of the electron current.

ln [ Probe Current (mA) ]

2. Take the natural logarithm of the electron current and plot this as a function of the probe voltage.
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3. Perform a linear fit to the electron retardation (Region C, black curve) and electron saturation (Region
E, blue curve) regions. The electron temperature, kTe (in eV, 1eV =11600 K), is found from the inverse
of the slope from the linear fit to the electron retardation region.3
1.0
-1.5
-4.0
-6.5
-9.0
-15

-10

-5

0

5

10

Probe Voltage (V)
2 The sample data that is used to illustrate each step was taken using an OAG4 vacuum triode with V
dis ∼ 63 V, Idis = 60 mA.
The original data will posted on my lab webpage: http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html.
3 see Equation 5 in Merlino, Am. J. Phys, 75 (2007).
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ln[Probe Current (mA)]

4. The plasma potential and electron saturation currents are found from the intersection of the two
straight-line fits to the electron retardation and electron saturation regions, as seen in the dashed lines
below
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5. The electron density can be found from the electron saturation current and electron temperature using
Eq. 1.4

ne =

Ie,sat
q

Aprobe

(1)

kTe
2πme

The resulting plasma parameters are summarized in the table below.
Table 1: Plasma Parameters
Te
Vp
Ies
ne

4 see

0.45 ± 0.01
-5.1 ± 1.5
0.51 ± 0.02
(3.1 ± 0.1) × 109

Equation 6 in Merlino, Am. J. Phys, 75 (2007).

3

eV
V
mA
cm−3
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Another approach

If you have sufficient data, it is also possible to reconstruct the electron energy distribution function (EEDF)
from the measured I-V trace.5
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1. Find the electron current as described in step 1 in Section 1 above.
2. The EEDF can then be found from the second derivative of the electron current with respect to the
probe voltage using the Druyvesteyn method.
fe () =

2
Aprobe qe

r

2me  d2 Ie
2
qe dVprobe

(2)

where Aprobe is the area of the probe, qe is the electron charge, me is the electron mass,  is the
electron energy ( = qe (Vp - Vprobe ), Vprobe is the probe voltage and Ie is the electron current. The
reconstructed EEDF, fe () is seen below.
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3. The electron density and effective electron temperature can then be found by taking moments of the
distribution function.
ne () =

Z

∞

0

Te () =

2
3ne

Z

fe ()
√ d


∞

3

 2 fe ()d

(3)

(4)

0

5 The sample data that is used to illustrate each step was taken using an OAG4 vacuum triode with
Vdis ∼ 64.8 V, Idis = 120 mA and ∆Vprobe = 0.1 V. The original data will posted on my lab webpage:
http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html.
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The plasma parameters found using the method described in Section 1 are summarized in the table below.
Table 2: Plasma Parameters
Te
Vp
Ies
ne

0.41 ± 0.01
-3.9 ± 0.6
0.75 ± 0.01
(6.1 ± 0.2) × 109

eV
V
mA
cm−3

The values found from the reconstructed distribution function are summarized below.
Table 3: Plasma Parameters
Te
ne

0.49
2.62 ×1010

eV
cm−3

It is noted that the method used in Sections 1 and 2 are not the only model that can be used to analyze a
Langmuir trace and that the reported error only includes the statistical error. The differences that are seen
between these two methods is comparable to what one might find when using a different model. Additional
information can be found in the references included.
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Comment on Temperature

The analysis procedure that is described in Section 1 assumes that the entire electron population is at a single
temperature. However, there are experimental conditions where there may be multiple electron populations
at different temperatures. This can occur in plasmas that are created by an electron gun or cathode-anode
pair.6 As a result, the model that describes what is happening in Region C in Fig. 1 must be adapted
to account for the additional population of electrons, Eq. 5, and is seen in your probe trace as a kink in
Region C. This kink is seen in Fig. 3.7 .




−e(Vp − VB )
−e(Vp − VB )
+ Ies,hot exp
(5)
Ie (VB ) = Ies,cold exp
kB Te,cold
kB Te,hot
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Figure 3: A representative Langmuir probe trace with two electron populations at different temperatures.
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To properly account for this in the analysis, you need to fit Region C using Eq. 5.
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From the fit, we find Te,hot = 29.657 ± 0.004 eV and Te,cold = 1.978 ± 0.006 eV.

6 This
7 This

is discussed briefly in Problem 1 of the Appendix in Merlino, Am. J. Phys, 75 (2007).
data was taken with the following experimental conditions: p = 100 mTorr, Vdis = 550 V and Idis = 0.14 mA
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Representative results∗
Jeremiah Williams†
Physics Department, Wittenberg University.
June 27, 2014
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Typical Results using an (RCA) OA4G tube
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Figure 1: Representative Langmuir trace.
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Figure 2: The plasma parameters appear to be relative independent of the tube used. The electron density
increases with discharge current.

∗ This document was prepared as part of the ALPhA Immersion Plasma Physics: Plasma Probes held at the Princeton
Plasma Physics Laboratory from June 24 - 26, 2014. An updated version of this material will be maintained on my lab
webpage: http://wupl.wittenberg.edu/curricular/ALPhAImmersion2014.html
† This material is based upon work that is partially supported by the National Science Foundation under Grant No. PHY0953595.
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Magnetic field Experiment
To examine the effect that a magnetic field has on the measured I-V curve, we used a coil of wires
(Heath Company, Part #40-694, dc resistance = 62.5 Ω, 3400 turns) and a dc power supply.
Any source of magnetic field will work - even permanent magnetic positioned around the discharge
tube (this would allow you to create interesting magnetic topologies)
The calibration for the magnetic coils used was measured using a magnetic field sensor from Vernier
and is given below. We used a slightly older mode of the magnetic field sensorl, which did not provide
optimal access to the measurement volume. This measured value is slightly less than would be predicted
by theory and we anticipate that the measured value of the magnetic field is slightly smaller than the
actual value.

)Tm(

12

y = a + bx

10

Coefficient values ± one standard deviation

8

a

=0.015475 ± 0.00624

b

=0.035176 ± 3.53e-05
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With increasing magnetic field, the electrons begin to orbit the magnetic field lines at the electron
gyroradius, Equation (1). This results in a decrease in the measured electron saturation current, which
results in a decrease in the measured electron density.
√
mv⊥
Te
re =
= 2.38
|qe |B
B

(1)

where Te is the electron temperature in eV, B is applied magnetic field in Gauss and re is the electron
gyroradius in meters.
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Typical results are seen below.
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Figure 3: As the magnetic field increases, a decrease in the electron saturation current is measured.
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Figure 4: While the temperature is independent of the applied magnetic field, the density appears to decrease
due to the smaller electron saturation current that is measured.
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Figure 5: Plot of the electron density (crosses, left axis) and electron gyroradius (circles, right axis) as a
function of the applied magnetic field. As the electron gyroradius becomes comparable to the probe size
(indicated by the dashed line), the electron saturation current (and measured electron density) decreases.
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Potentially Useful References∗
Jeremiah Williams†
Physics Department, Wittenberg University.
June 27, 2014
The following references should provide useful background and potential ideas for experiments suitable for
the intermediate and advanced laboratory. When available, we have provided links to where these resources
can be found online.
1. Stephanie A. Wissel, Andrew Zwicker, Jerry Ross and Sophia Gershman, The use of dc glow discharges
as undergraduate educational tools, Am. J. Phys. 81, 663 (2013). - Scitation link, Compadre link
• This article provides a nice overview of several applications on how plasmas can be incorporated
into the undergraduate curriculum using the device that you used during the summer immersion.
2. J. Williams, Andrew Zwicker, Stephanie Wissel, Jerry Ross, Sophia Gershman, Initial work on Experimental Plasma Station for the undergraduate curriculum, 2012 Conference on Laboratory Instruction
Beyond the First Year of College, Philadelphia, PA (July 2012). - Compadre link
• This poster provides a nice overview of several applications on how plasmas can be incorporated
into the intermediate and advanced laboratory.
3. R. L. Merlino, Understanding Langmuir probe current-voltage characteristics, Am. J. Phys. 75 1078
(2007). - Scitation link, Author’s website
• Provides a nice description on why a Langmuir probe trace looks the way that it does. MatLab/Octave code (based on the MAPLE code that the R. L. Merlino included with the publication of this article) to generate model Langmuir probe current-voltage (I-V) characteristics can
be downloaded here.1
4. I. Alexeff, J. T. Pytlinski and N. L. Oleson, New elementary experiments in plasma physics, Am. J.
Phys. 45, 860 (1977). - Scitation link
• Describes four plasma experiments that can be done using gas tubes. One of the experiments
described in this paper was the basis for the experiment with the OA4G tube that was done at
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