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Abstract 

 
This report outlines a convenient method to calibrate fast (<1ns resolution) streaked, fiber 
optic light collection, spectroscopy systems.  Such a system is used to collect spectral 
data on plasmas generated in the A-K gap of electron beam diodes fielded on the RITS-6 
accelerator (8-12MV, 140-200kA).  On RITS, light is collected through a small diameter 
(200 micron) optical fiber and recorded on a fast streak camera at the output of 1 meter 
Czerny-Turner monochromator (F/7 optics).  To calibrate such a system, it is necessary to 
efficiently couple light from a spectral lamp into a 200 micron diameter fiber, split it into 
its spectral components, with 10 Angstroms or less resolution, and record it on a streak 
camera with 1ns or less temporal resolution.  One method of doing this is with a DC short 
arc lamp.  For this report, a 300W xenon arc lamp (Oriel Model 6258) was used.  Since 
the radiance of the xenon arc varies from the cathode to the anode, just the area around 
the tip of the cathode (“hotspot”) was imaged onto the fiber producing the highest 
intensity output.  To compensate for chromatic aberrations, the signal was optimized at 
each wavelength measured.  Output power at each wavelength was measured using 10nm 
bandpass interference filters and a calibrated photodetector.  These measurements give 
power at discrete wavelengths across the spectrum, and when linearly interpolated, 
provide a calibration curve for the lamp.  The fiber is then attached to the entrance of the 
monochromator and a spectrum is taken.  The shape of the spectrum is determined by the 
collective responsivity of the optics, monochromator, and streak tube across the spectral 
region of interest.  The ratio of this curve to the measured bandpass filter curve at each 
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wavelength produces a correction factor (Q) curve.  This curve is then applied to the 
experimental data and the resultant spectra are given in absolute intensity units 
(photons/sec/cm2/steradian/nm).  Error analysis shows this method to be accurate to 
within +/- 20%. 
 
1Email: mdjohn@sandia.gov 
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I.  Introduction 
 
Streak camera spectra are used to collect time-resolved information on plasmas generated 
within the vacuum (A-K gap) region of radiographic diodes fielded on the RITS-6 
accelerator [1,2].  One of the challenges to performing these types of measurements is to 
accurately calibrate the intensity in terms of absolute units.  The reason for this difficulty 
is that the sweep speed of the streak camera is fast (<10ns/mm), so the calibration source 
needs to be very intense to be measured.  Most calibration lamp sources (ex. tungsten 
lamps) are not sufficiently bright to be measured with this system.  Arc lamps (xenon and 
mercury) provide sufficient intensity, but efficient coupling of the arc onto the small 
optical fibers (200 micron diameter) used in these experiments is difficult.  Lasers 
provide another means of obtaining sufficient intensities for streaked calibrations; 
however, multiple laser lines at several wavelengths are required to obtain an adequate 
curve for calibration purposes.   
 
Arc lamps can be DC or pulsed.  Pulsed arc lamps are brighter, but have a wavelength-
dependant, time-varying spectra over a few microseconds pulsewidth, which makes 
absolute measurements difficult.  In contrast, DC arc lamps have very stable outputs, but 
are less intense per unit time, meaning the calibration data often needs to be extrapolated 
to the intensity levels of the experimental data.  Still the advantage of having a DC source 
makes up for the lack of signal intensity, so for our experiments, a 300W DC xenon arc 
lamp (Oriel Model 6258) was chosen, since its spectrum is relatively flat through the 
visible region as compared with mercury or pulsed xenon arc lamps (see figures 5 and 6) 
[3]. 
 
 
II. Experimental Configuration 
 

 
Figure 1. Focusing optics for SMP diode experiments. 

 
Figure 1 shows the optics used to collect the light from the A-K region of the electron 
beam diode.  A lens/fiber assembly is attached to the outside of the RITS vacuum 
chamber.  Light from a 1.0mm diameter region at the center of the chamber is collected 
through a 50mm diameter, 150mm focal length achromatic lens (Edmund Optics 32-886) 
and reimaged onto a 200 micron diameter, fused silica optical fiber (Polymicro 

177.8mm + 6.75mm = 184.6mm 
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Technologies FVP200220240), which is part of an 11x1 fiber array.  The optical fiber 
transits the light 10 meters into a shielded screenroom, where it is refocused onto the 
entrance slit of a 1 meter McPherson monochromator (Model 2061) (operated as a 
spectrometer) [4] and recorded on an NSTec L-CA-24 streak camera [5,6] with a Spectral 
Instruments SI 800 CCD readout [7]. 
 

III. Arc Lamp Measurements 
 
To calibrate this setup, we need to collect light through the entire system as fielded on the 
RITS experiments.  This allows the system to be corrected as a whole rather than 
correcting for each component individually.  To begin, we need to know the calibration 
curve for the arc lamp.  This is measured directly using a calibrated photodetector (Ophir 
Model PD300-UV) and a series of calibrated 10nm bandpass interference filters (Melles-
Griot).  The photodetector/bandpass filters measure the lamp’s irradiance at 50cm with 
no optics.   
 
The photodetector measures power per unit area (1cm2) of photon flux hitting the 
detector surface at 50cm from the source.  This measurement is dependent on the position 
of the detector from the source and falls off as 1/ (distance) 2.  The arc lamp emits light in 
4 steradians; however, due to shadowing from the electrodes, there is an angular 
dependence (figure 2) to the output.  To eliminate the need to correct for this shadowing 
effect, measurements are taken at 90o (perpendicular to the axis of the arc) [3]. 
 

 
Figure 2. Arc lamp angular intensity distribution (Courtesy of Oriel) [3]. 

 
By determining the solid angle subtended by the detector, one can obtain the power 
radiated per unit wavelength per solid angle.  Taking this value over a sphere, gives the 
total power radiated per unit wavelength.  The integral of this value over all wavelengths 
is the total power output for the lamp (300W minus any convective heat losses).  
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Knowing the arc dimensions, one can determine an average spectral radiance for the 
lamp; however, the actual radiance varies with position as seen in figure 3 [3].  
 

 
Figure 3. Typical arc intensity distribution for a low power xenon arc lamp                                    

(Courtesy of Oriel) [3]. 
 
The spectral radiance (W/cm2/steradian/nm) can be converted into spectral intensity 
which gives power in units of photons per second (Photons/sec/cm2/steradian/nm) using 
the following fundamental relationships, where E is energy, h is Planck’s constant, c is 
the speed of light, and is wavelength [8].   
 

                      

hcE
N

hc
E




 



1
    (Equation 1) 

 
This gives the total number of photons (N) per unit wavelength emitted from the arc.  
Examples of the measurements and calculations for the 300W xenon arc lamp used on the 
RITS experiments are given in Table 1. 
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Table 1. 300W xenon arc lamp calibration measurements and corrections. 

 
Plotted over all wavelengths, this gives the calibration curve for the lamp (figure 4).  This 
is a smooth curve derived from a finite number of points each integrated over 10nm 
FWHM bands through the visible region.  A representative spectrum for the lamp from 
the manufacturer is given in figure 5 [3].  By increasing the number of points measured 
and decreasing the filter widths, the curve shape in figure 4 would approach that of figure 
5.  For example, this could be done using a scanning monochromator into a 
photomultiplier tube; however, for our purposes, the method employed here is simpler 
and introduces little error.  Since the optical system only collects a portion of the total 
light emitted by the arc, we need to redo this measurement using the experimental optics 
(figure 1).  The focal spot size of the fiber/lens assembly is smaller than the arc, and since 
the arc’s radiance varies with position (figure 3), what is measured is an average 
radiance.  To try and get as much light as possible into the fiber, the fiber is focused onto 
the tip of the cathode.  Since we are focusing using glass optics (achromat) over a wide 
spectral region, the focal distance varies with wavelength as shown in figure 7.    
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Figure 4. Measured Total Lamp Radiance and Linear Curve-Fit                                                   

for 300W Xenon Arc Lamp. 
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Figure 5. DC Arc Lamp Spectral Curves (courtesy of Oriel). Plotted on a log scale [3]. 
 

 

 
Figure 6. Spectral irradiance curve for a 5J xenon flashlamp (courtesy of Oriel) [3]. 
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Figure 7. Focal spot position versus wavelength. 

 
Since the collection efficiency of the optics varies with wavelength, the focus is 
optimized for one wavelength near the center (500nm in our case), causing the low and 
high wavelengths to be slightly defocused.  Measuring the arc lamp’s spectrum in this 
manner produces a curve (blue curve in figure 8), which is compared with the total 
radiance curve (figure 4), to correct for the shape.  The lamp’s radiance is then measured 
through the experimental optics with the focus adjusted for each wavelength.  This curve 
(shown in red in figure 8) has the correct shape, i.e. that of the original radiance curve, 
but a different intensity level (27% variation) due to the different areas of the arc 
measured with and without the experimental optics.  Corrections are also made for optical 
transmission losses through reflections and absorptions which reduce the total throughput 
of the system by 25%, i.e. 4% transmission losses per uncoated optical surface [9].  
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Figure 8. 300W Xenon Arc lamp calibration curves. 
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IV.  Calibration of Streaked Arc Lamp Spectra 
 
Once the correct lamp calibration curve is obtained using the experimental optics (red 
curve in figure 8), then the lamp spectrum is measured through the monochromator/streak 
camera system.  Figure 9 shows the raw spectral image obtained for the 300W xenon arc 
lamp (corrected for wavelength).  The sweep speed is 9.6ns/millimeter and the entire 
image records 360ns from top to bottom.  Figure 10 shows an averaged lineout over a 
portion of the central region of the image.  The red curve is the raw spectrum, and 
superimposed on it is the smoothed green curve.  The sides (blue portions) are removed 
from the analyses to avoid errors due to decreased sensitivity near the edges.   
   
 

 
 

Figure 9. Streaked spectra of a 300W xenon arc lamp (360ns recorded). 
 
 
 
 
 
 
 
 
 

Time 

360ns 
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Figure 10. 300W xenon arc lamp streaked spectrum (raw data). 
 
 
There are two types of calibrations which can be performed to correct spectral data.  The 
first is a relative calibration which corrects the curve shape across the wavelength region, 
allowing comparisons to be made regarding the relative intensities of various features in 
the spectrum, and the second is an absolute calibration which both corrects for the shape 
and records the intensity in real units of power per unit area per solid angle [10].  Having 
the data corrected in absolute units allows more information about the plasma to be 
obtained, such as species densities and temperatures.  In either case, corrections are made 
by comparing the experimentally obtained streaked lamp curve to the bandpass filtered 
measured lamp curve (optimized for each wavelength).  The result of this comparison, 
called a “Q curve” (figure 11), gives the correction factor for all wavelengths.  This curve 
is fit to a high-order polynomial which is applied to the original data.  Since the original 
lamp curve was measured in absolute units, the corrected curve is also in absolute units, 
and it is this calibration curve which is applied to the raw experimental data to correct it.  
The result is plotted in figure 12 (brown curve).   
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Q Curve for Shot 765 (Pixels 1275-1675)
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Figure 11. Correction (Q) curve obtained for 300W xenon arc lamp. 
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Figure 12. Corrected 300W xenon arc lamp raw streaked spectrum (brown curve) overplotted 

with measured bandpass filter curves. 
  
 
V.  Calibration of Experimental Data 
 
Figure 13 shows an experimental streaked spectrum from a Self-Magnetic Pinch (SMP) 
shot on the RITS-6 accelerator [11].  Time goes from top to bottom; three lines have been 
placed on the spectrum to show when current first reaches the diode (0ns), the mid-point 
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of the radiation pulse (55ns), and the end of the radiation pulse (96ns).  The latter part of 
the image is saturated, but this is done on purpose to allow for more of the early-time 
spectra to be measured.  The image is shown in false color which allows the earlier time 
spectra to be seen more easily.  Inlayed in the bottom corner for comparison is the 
spectrum in black and white with the intensity scale adjusted higher to show some of the 
late-time features.  Figure 14 shows the raw data from this shot integrated over sequential 
5ns intervals.  Taking this data, and applying the correction curve obtained from the 
xenon lamp (figure 11), we obtain figure 15.   
 
 

 
 

Figure 13. Self-Magnetic Pinch (SMP) Diode Streaked Spectrum. 
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Figure 14. SMP diode 5ns integrated spectral lineouts (raw data). 
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Figure 15. SMP diode 5ns integrated spectral lineouts in absolute units. 

 
One difficulty with this setup is focusing the light effectively onto the fiber.  Since the 
fiber is small, variations in the focal position with wavelength cause variations in the 
collection efficiency.  To try and compensate for this, we use a 150mm fl, 50mm 
diameter (F/3) lens which underfills (14o solid angle) the F/2.2 fiber (25.4o solid angle) 
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allowing for some variation in the focal position relative to the fiber face (see figure 17); 
this is done at the price of sacrificing some light collection.  Figure 16 shows the 
variation in collection efficiency with wavelength.  Since both focal spot size and 
location vary with wavelength (see figure 7) (focal spot size varies by 3% across the 
visible region), as the focal spot moves off the centerline position (0.0mm), the light 
collection efficiency decreases (figure 16).  From the plot, for 500nm light, over a 
uniform 0.85cm diameter plasma column, the light collection efficiency is 86 +/- 4%, and 
at just the centerline position, the collection efficiency varies by 11% from 450-700nm.       
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Figure 16. Light collection efficiency versus wavelength. 

 
Since the optimal focal position of the fiber for most wavelengths is shifted from the 
centerline (see figure 7), then for a small source (arc lamp or SMP diode), this means the 
fiber is imaging away from the source, and the light collected from the source region is 
not in the best focus.  Because of the long focal length for the optics (78.3cm), light 
within a few millimeters of the centerline is well collimated (figure 16) (+/- 2% 
variation); however, light for wavelengths which focus at greater distances from the 
centerline (>5mm) is larger and more diffuse at the centerline position.  This translates 
into losses on the fiber side.  This is illustrated in figure 17 which shows three cases; one 
where the light focuses directly onto the fiber face, one where it focuses beyond the fiber 
face, and one where it focuses before the fiber face.  In the two latter cases, some light 
from the centerline position is lost and not collected.  This loss is especially great at 
shorter wavelengths (ex. 400nm) as can be seen in Figure 16.  To visually illustrate the 
difference, figures 18 and 19 shows simulated spot profiles using Code V illumination 
analysis (LUM) at the centerline plane for 500nm and 405nm cases, respectively [12].  
As can be seen, the 500nm case has a well defined boundary within a tight (1mm 
diameter) focal spot, in contrast, the 405nm case is more diffuse with an edge/boundary 
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extending out beyond a 2mm diameter.  Therefore, to avoid having to deal with 
corrections for off-axis focusing, changes in spot size, and collection efficiencies at the 
centerline position, we limit our data analyses to the region between 475-575nm where 
the focus varies only +/- 2mm about the centerline axis.   
 

 
 

Figure 17. Examples of fiber optic imaging of a plane source at various wavelengths. 
 

 

 
 

Figure 18. Focal Spot size at centerline at 500nm (Code V Illumination Analysis) [12]. 
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Figure 19. Focal spot size at centerline at 405nm (Code V Illumination Analysis) [12]. 
 
 

Taking figure 15 and limiting the wavelength region to between 475-575nm we obtain 
the plots in figure 20 (accurate to within +/- 20%) which can be used to measure electron 
temperatures and densities from the continua generated on-axis.  Note that the earliest 
time spectrum in Figure 20 is comparable in intensity to the arc lamp measurements (see 
figure 12); however, subsequent spectra rapidly increase in intensity and are many times 
more intense than the calibration source.  This means the calibration data needs to be 
extrapolated to correct the experimental data.  This is done by determining the variation 
in intensity response for the streak camera/CCD system, which is linear, with photon 
energy.  This linearity is measured using a HeNe laser, and the results are shown in 
Figure 21.   
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Figure 20. SMP Diode streaked spectra (corrected). 

 
 

 

 
Figure 21. Streak camera linearity response measurements using HeNe laser source. 
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VI.  Error Analysis 
 
Finally, some comments need to be made regarding the errors associated with this 
calibration method.  Several quantities (listed in table 2) are used in various calculations 
to determine the absolute spectral intensities for the experimental data.  Some of these 
quantities are measured directly while others are obtained from the manufacturers.  In 
general, direct measurements are preferable; however, in practice this it is not always 
possible or practical.  While an effort has been made to identify all the associated errors 
in these measurements, it is important to note that measurements with larger uncertainties 
will tend to dominate the error calculations, so smaller uncertainties associated with other 
measurements, can for all practical purposes be neglected.  That said, the effort here was 
to identify the various measurements taken and their associated errors, and conduct a 
semi-rigorous error analysis to determine the overall error in the final absolute intensities.  
Uncertainties were determined using the propagation of errors (least squares) method [13, 
14]. 
 

Component Percent Error (+/-) 
Power Meter  3.0  
Bandpass Filter-Peak Transmission 2.5 
Bandpass Filter-FWHM 20           
Bandpass Filter-Central Wavelength  0.5   
Arc Size Measurement 25  
Solid Angle Measurements 2.0  
Power/Irradiance Measurements 20  
Radiance Measurements 30  
Streak Camera Intensity 5.4  
Focal Spot Size 15  
Optical transmission  5 

 
Table 2. Components and associated errors in absolute spectral intensity measurements. 

 
For the lamp curve measurements, the largest error is associated with the FWHM of the 
bandpass filter.  This leads to a +/- 20.4% error in the power measurements.  The error in 
the calculated total lamp radiance is +/- 32% and is dominated by the error in the 
effective arc size, which was obtained from the manufacturer, rather than directly 
measured.  The error in the radiance measured through the experimental optics is less  
(+/- 15%) due to the direct measurement of the focal spot size; however, this error could 
be reduced further by better spot size measurements, for example, using a beam profile 
device.  Errors in the intensity measurements of the streak camera/CCD system are       
+/- 5.4% leading to a total error of  +/- 20% when extrapolated to higher intensities.  A 
total error of +/- 20% represents a high level of accuracy for these types of 
measurements. 
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VII. Conclusions 
 
In summary, the aforementioned method was used to correct streaked spectra taken on 
electron beam diodes fielded on the RITS accelerator.  This method uses a 300W DC 
xenon arc lamp as the calibration source.  The arc lamp’s irradiance curve is measured 
directly without any optics.  The radiance of the arc is then calculated and measured 
using the experimental optics.  The arc is measured through the spectrograph/streak 
camera system and the resultant spectrum is compared with the measured radiance curve 
obtained from a NIST calibrated power meter and bandpass filter set.  The corrected 
streaked spectrum is given in absolute units of photons/sec/cm2/sr/nm.  The correction 
curve obtained from the arc lamp is applied to the experimental spectra and linear 
extrapolations are made to match the experimental intensity levels.  Chromatic 
aberrations due to the optics are considered and minimized.  The resultant experimental 
spectra are in units of absolute intensity which can be used to determine plasma 
parameters within the electron beam diodes fielded on the RITS accelerator.       
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VIII. Appendix 
 
Model BN-50 Streak Tube 
Streak Tube:     STA 116.5 (Quartz Face) 
Size:     50mm diameter 
Phosphor:    S-20 multi-alkali photocathode 
Operating Voltage:    20kV 
Dynamic Range:    >1000 
Slit Width:     1.0mm 
Static Spatial Resolution:  23 lp/mm 
Dynamic Spatial Resolution:  21 lp/mm center; 16 lp/mm edges 
Temporal Resolution:   0.6ns/mm to 9.6ns/mm 
Sweep Speeds:    30ns to 480ns 
 
Delft Electronic Products (DEP) Image Intensifier  
Type PP0400J   S/N J0321343 
Format:   40mm diameter; GEN II 
Phosphor:   P43 
Windows:   Fiber Optic 
Resolution:    37 lp/mm 
Gain:     4775 cd/m2/lx @ 945V 
Sensitivity:   45mA/W (varies with wavelength) 
Uniformity:   20% 
EBI:    0.01 lx 
 
Spectral Instruments SI-800 CCD Camera  
Sensor:   Kodak KAF16801E 
Pixels Array:   4096 x 4096 
Pixel Size:   9µm pixels 
Image Area:   36.8mm x 36.8mm  
Operating Temperature: -10°C Operation 
Digitization:   16 bit  
Linearity 0-80%:   1% 
Readout Speeds:  1MHz; 500KHz  
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