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ABSTRACT

We have conducted extensive tests of both transmission andotal ratio degradation on two integral eld units
currently in use on the VIRUS-P integral eld spectrograph. VIRUS-P is a prototype for the VIRUS instrument
proposed for the Hobby-Eberly Telescope at McDonald Obsemtory. All tests have been conducted with a central
obscuration and at an input f-ratio of F/3.65 in order to simu late optical conditions on the HET. Transmission
measurements, made at 10 discrete wavelengths, range fron831m to 600nm, while FRD tests were made at
365nm, 400nm and 600nm. These results explore the in uencef avavelength, immersion, ber type and length
on both FRD and transmission. Most notably, we nd a weak wavdength dependence on FRD, with FRD
increasing at bluer wavelengths. All bers tested were fourl to fall within the VIRUS instrument speci cations
for both FRD and transmission. We also present the details ofour di erential FRD testing method, which has
proven precise enough to measure the slight changes in FRD pgcted from an F/3.65 beam. Details of a simple
and robust method of aligning the test bench and optical ber axes to within 0.1 degrees are also given.
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1. INTRODUCTION

The versatility provided by optical bers in the design of astronomical instrumentation is making their use
commonplace. Fiber-fed spectrographs are being used wigelnd with great sucess. As the demand for ber-
fed instrumentation increases, so does the need for a cleanderstanding of the two dominant processes that
dictate ber quality and applicability, namely transmissi on and focal ratio degradation (FRD). Relatively simple
and accurate methods to test transmission over a wide rangefavavelengths have been in use for many years,
yielding results that prove very repeatable from group to group.X* However, accurate FRD measurements have
proven more challenging, in large part due to two causes: 1) fie measurement methods employed and instruments
available have often lacked the precision to measure the fat halos associated with FRD, particularly at relatively
fast input beams where FRD is expected to be small. 2) The vagty of sources of FRD are often intertwined, so
that repeatability of the results from group to group has been elusive.

Despite these challenges, many groups have made accurate BRmeasurements and our understanding of
FRD continues to improve®>® We now know FRD exhibits a strong dependence on the quality ofend polish
and immersion, bending and radial stresses due to ber handhg and mounting methods. FRD also exhibits a
weaker dependence on length and ber type. Its dependence omavelength has been studied by Ramsey ('88) and
Schmoll ('03) among others, yet all results indicate little to no wavelength dependence. However, the majority
of wavelength-dependent FRD tests have been conducted thumh broadband lIters,! were not conducted on
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Figure 1. Figure (a) plots output f-ratio vs. input f-ratio f or 4 di erent ber lengths (Polymicro FBP200/200/245). The
multiple measurements shown come from testing the same lendh of ber from opposite ends. Although FRD increases
with the input f-ratio, it is unclear whether this is due to in creasing ber length. Note that while the 16m length exhibit s
worse FRD, both the 2m and 4m lengths show higher FRD than the 8 m length. In either case, the FRD at our input
f-ratio of F/3.65 is minimal. Figure (b) shows the results of immersion on the VP1 IFU. The benet of immersion at all
input f-ratios is clear.

a statistical number of bers, or did not test wavelengths below 400nm. Our tests, particularly at near-Uv
wavelengths, are motivated largely by this lack of data in the literature.

We have undertaken transmission and FRD measurements of twintegral eld units (IFU) currently in use
on the VIRUS-P integral eld spectrograph.® VIRUS-P has been in use on the 2.7m Harlan J. Smith telescope
at McDonald Observatory since Fall, 2006. It is a prototype for the VIRUS instrument proposed for the Hobby-
Eberly Telescope Dark Energy eXperiment (HETDEX). HETDEX i s a spectroscopic survey with the goal of
collecting spectra of nearly one million Lyman-alpha emitting galaxies between a redshift of 2 to 4 in order to
place constraints on dark energy:! VIRUS will be composed of approximately 150 spectrographseach fed by
246 optical bers. The science requirement of the HETDEX prgect is weighted towards optimal transmission
in the blue. In order to gain a comprehensive understanding bboth transmission and FRD over the entire
wavelength range of the VIRUS spectrograph (340nm to 580nmjve have constructed an optical test bench at
the University of Texas, Austin.

The paper outline is as follows. In section 2 we brie y desctbe the results of tests conducted at the University
Observatory, Munich, on the e ects of length, bending, immersion, ber type and input f-ratio on FRD. Details
of the fabrication of both IFUs is given in section 2.1. This is relevant as we nd FRD in the shorter IFU (VP1)
to be worse than the longer bundle (VP2) and is likely a resultof the di erent fabrication techniques employed.
In section 3 we give details on the test bench constructed athie University of Texas, Austin. Section 4 dicusses
the testing method used for both our FRD and transmission meaurements. Sections 5 and 6 summarize the
primary results of our FRD and transmission tests. A discus#on of the results is given in section 7.

2. PRELIMINARY TESTS

The Photometric Test Bench!? at the Potsdam Astrophysical Institute (AIP) was used to conduct a variety
of FRD measurements on di erent ber types and NA.*® The in uence of bending, length and immersion on
FRD was also explored. Many of these results guided aspectd the design for the VIRUS-P spectrograph and



Figure 2. The left picture shows the IFU head mounted to its XY Z translation stage. Only the ber input end (black
square) is visible. For reference, this square is 5mm across. An image of the entire IFU head can be found in gure
1. The right image shows the output slit of the IFU mounted for testing. The CCD camera, mounted on its translation
stage, is seen on the left.

the two prototype IFUs. We include here two gures showing FRD dependence as a function of input f-ratio
on the length of a ber and immersion. Fiber immersion involved contacting the input end of the ber to an
anti-re ective (AR) cover plate. The ber-glass interface was made with an index matching gel. The signi cant
results of tests conducted at AIP are as follows: The output fratio for an input of F/3.65 showed little to no
appreciable FRD over the majority of tests conducted. Theseincluded tests on ber type and core diameter,
bending tests down to a radius of 10mm, length and in uence ofber NA. ¥ However, FRD was seen to increase
substantially at input beams slower than F/4. This was most predominant in the bend tests; at an input of F/4,
no appreciable di erence in an FRD value of 1.1% was seen over the bend radii explored (250 to 10mm). At an
input of F/6, the FRD increased from 1.13 to 1.5 over the same lend radii, and by an input of F/10 an increase
in FRD from 1.25 to 2.32 was observed.

In sharp contrast to these results (where FRD for an input f-ratio of F/3.65 was negligible) was the signi cant
e ect ber end immersion had in improving FRD at all but the fa stest input beams. This is not surprising, as
ber end e ects have been shown by many groups to dominate oveall other sources of FRD. The notable
expection to this is extreme cases of radial pressure and miz bends.

The VIRUS-P spectrograph is designed to accept an F/3.65 bea with the science requirement of reaching
95% encircled energy (EE) within an output beam of F/3.36. The remainder of the work presented in this paper
is aimed at accurate measurements of FRD and transmission athis set input f-ratio. We nd that all bers
tested are performing within this speci cation, with  50% reaching 99% at the F/3.36 limit. The details of these
results are found in sections 5 and 6, and constitute a contination of the tests described above.

2.1 Integral Field Unit Fabrication

Two di erent IFUs were fabricated for use on the VIRUS-P instrument. The rst, VP1, was fabricated at AIP
with 247 Polymicro 200 m bers (FBP200/220/245) to a length of 4.5m.%* In order to explore transmission
and FRD properties of a variety of bers, 4 dierent ber type s were used to fabricate the second IFU, VP2.
Constructed by Frank Optic, VP2 is 15m long allowing VIRUS-P to be tested on the HET. In both IFUs the
input ends of the bers were inserted into capillary tubes ininsure alignment and a uniform spacing. The output
end of the bers was mounted in the same con guration, but fabricated and polished di erently. For VP1, each
ber was polished individually before being mounted into the output slit arrangement. In VP2, the bers were

Four Polymicro ber types were tested: FBP200, FLP200, FLP1 50 and FVP100.
YFibertech AS200 NA:0.16, AS200 NA:0.22 and Polymicro FBP200 NA:0.22
“Here we de ne FRD as the ratio of the output f-ratio to the inpu t f-ratio; no FRD has a value of 1.



Figure 3. A schematic of the test bench. The use of parabolic mirrors over achromat lenses allows us to test over our entire
wavelength range of 337nm to 600nm without refocusing. The image quality of the system is good at all wavelengths as
evidenced by the sharp input spots at all wavelengths (gure 5).

mounted and xed into their nal alignment before being polished. The ends of all bers were then polished
simultaneously. This di erence in the mounting and polishing method is likely the reason why we nd worse
FRD in VP1 than VP2. We return to this in section 5.

3. THE FIBER OPTIC TEST BENCH

With the need to understand the wavelength dependence of bdt FRD and transmission over the wavelength
range of VIRUS-P a new test bench was constructed at the Uniwesity of Texas, Austin. To avoid the di culties
due to chromatic aberration inherent to lens-based opticalsystems, particularly below 400nm, our test bench
employs mirrors to collimate the light and re-image the input pinhole onto the ber. A schematic of the test
bench is given in gure 3. Numbers in parentheses following ie description given below refer to the optical
elements as referenced in the gure.

The light source is from Oriel and uses a low-ozone deuteriunDSRAM XBO bulb (1). To remove the strong
non-uniformities of the source pro le shape, the light pases through two fused silica lambertian di users (2).
After an irising ba e, the lters follow (3). * The light is Itered with a set of 10 narrow-band (FWHM: 10nm)
interference Iters (CVI Laser) with central wavelengths of 337, 350, 365, 380, 400, 420, 450, 500, 550 and 600nm.
A 10 degree forward scattering holographic di user (4) follows the Iter and then a second bae. The light is
then focused onto the entrance pinhole (6) with a fused silia singlet (5). The pinhole is interchangable with two
di erent sizes used for either FRD or transmission measurerants. The magni cation of the system, set by the

*Although placement of the interference lters in uncollima ted light introduces a slight wavelength shift from the
Iter's central wavelength this choice was necessary; each lter is slightly wedge shaped, leading to shifts in the posi tion
of the output spot when placed in the collimated beam. Althou gh the shifts are small (30 to 100 m) this is enough to
make e cient and repeatable coupling into the bers very di cult, necessitating this move.



Figure 4. Two images of our test bench. In the foreground of the rst image the IFU input head is shown mounted to its
XYZ translation stage. On the left side of this image one sees both picko mirrors and the aperture stop of the system
(elements 7,9 and 10 in gure 3). The second parabolic mirror (11) is just out of the frame. The right image shows
another view of the aperture stop, second picko mirror and | FU head mounting stage.

Figure 5. Far eld images of the input and output spots. The ce ntral obscuration, de ned by the second picko mirror is
very sharp in the input spot, with its peak to valley edge tran sition happening over a few pixels. A typical output spot
is seen to the right where FRD has scattered light both outwar ds and into the central obscuration.

two collimating mirrors, is 0.23. Thus, a 400 m pinhole images to 96 m at the test bench focus and is used for
all transmission measurements. For our FRD measurements aOD0 m pinhole is used. This size pinhole images
to 230 m and assures complete illumination over the face of our 200m bers.

After the light exits the pinhole, it is caught by the rst of t wo cylindrical 45-degree picko mirrors (7)
mounted to a fused silica window and sent to the rst parabolic mirror (D:76.2mm f:406.4mm) (8). Collimation
of the system is made by adjusting the position of the entrane pinhole, which is slaved to the lens. The collimated
beam then passes back to the rst window where the pick-o mirror (10mm in diameter) mimics the central
obscuration of the Hobby-Eberly Telescope (HET). After the beam passes through this window the aperture stop
of the test bench is set with an adjustable iris (9), and dictaes the input f-ratio of the system. The beam then
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Figure 6. The left gure plots relative intensity as a fuctio n of radial position, and is used to conrm the degree of
orthogonality of the input spot to the ber axis. This techni que achieves alignment to within  0.002 radians and was
extremely repeatable over several iterations. The details of this method are given in the text. The second gure re ects
the accuracy achieved by visually centering the input spot o nto the ber.

passes through another fused silica window and is focused tnthe second picko mirror by a second parabolic
mirror (D: 50.8mm, f:101.6mm) (11). The light is then sent to focus onto either the IFU, which is mounted
to an XYZ translation stage, or to the CCD camera. Coupling into the bers is done visually and aided by a
microscope. An image of both the picko mirrors and the iris aperture is shown in gure 4. The input end of
the IFU, attached to its translation stage, is seen just to the right of the second picko mirror in the left-hand
image. The image quality of our test bench is good, deliverig uniform and sharp images of the pinhole and
central obscuration. Figure 5 shows typical images of both e input and output spot.

3.1 Alignment and Coupling E ciency

Any non-orthogonality at the input end of the ber between th e optical and ber axis introduces arti cial FRD.
Therefore alignment of the translation stage and IFU head tothe optical axis of the test bench is critical. The
initial alignment of the test bench was done by feeding a laseback through the system and aligning the return
beam with the input beam. This allowed us to determine orthognality of the input beam to the IFU mounting
plate to within  0.01 radians. This, however, is not good enough. Accordingot equation 1 taken from Avila
(1988) a 0.01 radian error in the input angle, , at an input f-ratio of F/3.65, will introduce 7% arti cial FRD
into our measurements.

F:#in
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To improve upon this alignment the following method was adoged. Small, precise, tips and tilts are made
to the input IFU head and images of the output spots taken. By then plotting the EE as a function of radius for
each tip or tilt, a minimum in the FRD pro le is located. These deviations can clearly be seen and are shown
in gure 6. As each tip or tilt introduces a  0.002 radian deviation from the current alignment, iterations with
this technique lead to a FRD minimum having 1.5% arti cial FR D. This method proves extremely repeatable
and e ective in di erentiating between slight misalignmen ts of the input beam and the ber axis.

Coupling e ciency is critical for accurate transmission measurements. This is particularly important for our
measurement method, which relies on visually coupling theriput spot into the ber with the aid of a microscope.
To address this concern, we've explored how far from best visal center our input spot can be before we begin
to loose coupling e ciency. Figure 6 shows our coupling e ciency remains near 100% up to 30 m from best
visual center. At 30 m we see a drop in coupling e ciency of 3-5%. As the repeatabity of our measurements
is consistently better than 2%, we are con dent the systemaic errors due to our method of coupling is minimal.



4. TESTING METHOD

Both our transmission and focal ratio degradation measurerents make use of an APOGEE U-260 (512x512
20 m/pixel) liquid-cooled CCD camera. Both techniques descrbed here are simple in concept and analysis,
requiring only a precision translation stage, a CCD camera ad a method for coupling light of a known f-ratio
into a ber. The data is collected as FITS les with MAXIM-DL, and all data reduction and analysis is completed
with IDL routines written for the various tasks.

4.1 A Dierential Method for Testing FRD

There are a variety of methods to test FRD in optical bers. Th e method we use is a variation on the relatively
simple geometric analysis of the output spot size when the garation between the output end of the ber and
the CCD are known. The primary drawback of this method is that it requires precise knowledge of the distance
between the end of the ber and the CCD. This becomes an overwélming challenge when attempting to make
measurements on large numbers, or when the separation simptan not be accurately determined. To avoid this
di culty, we make use of a simple, di erential method that do es not require any knowledge of the seperation
between the CCD and the output end of the ber. The technique is described below.

The measurement of the f-ratio of a beam (either input or output) is made by stepping the CCD camera by
well-de ned increments, in our case 1.27mm (0.05"). Then, ly comparing the same encircled energy radius at two
camera positions, an estimate of the output f-ratio is made.Each set of camera positions gives you an estimate
of the f-ratio of the beam in question by taking the ratio of, 1) the camera translation distance and 2) the change
in spot size diameter to the same EE between your two CCD posibns and, 2) the camera translation distance.
Indeed, after the rst two spot images are taken, yielding ore measurement, additional camera positions increase
your total number of measurements as n-1, where 'n' is the nurber of camera positions for a given ber. This is
accomplished by comparing step 1 to step 3, step 1 to step 4, @nso on. This technique has the added benet of
quantifying your random measurement errors. Repeat FRD meaurements on the same bers show this method
to return very consistent results (to within 2%) even when the measurements were separated by several weeks.

4.2 The Transmission Testing Method

The transmission measurements presented in section 6 are rda by taking the ratio of the total light exiting a
ber at a given wavelength to the total light entering the be r. To accomplish this, the IFU head and translation
stage have been mounted on a sliding stage allowing the engrassembly to translate out of the optical path of
the test bench. The CCD camera is then set just beyond focus, ra a 200 m pinhole is set at focus to block
any stray light that would not make it into the 200 m ber. A set of ve frames at each wavelength (referred
to as baselineimages) are taken at the far eld of the input spot. Background frames are taken by blocking the
light at the pinhole. After a set of 50 baseline frames is taka (5x10 Iters) the camera is repositioned to the
output end of the ber bundle and the IFU head is translated back to the focus of the optical bench. A set of 2
to 3 bers are then tested at all 10 wavelengths, followed by aother set of baseline frames. This entire process
takes approximately 1.5 hours.

The accuracy of this method relies, in part, on the stability of the light source over this time period. Tests
of the light source show it to be stable to rapid uxuations (on time scales of seconds to minutes) to below
1%. However, we do nd the source to have a gradual drift in intensity over a time period of 6 hours with
an amplitude of 7%. This is a sinusoidal uxuation which is nearly linear over the time duration between
baseline exposures. We make a simple correction for this eat by linearly interpolating, in time, between the
two neighboring baseline frames and the data frame. By thiswe can determine the best baseline value to be
used in our estimate of absolute transmission. As the quantm e ciency of our CCD is much lower in the UV, a
wide range of integration times are required, ranging from Bs at 600nm to 60s at 337nm. After the background
frames are subtracted from the data, the total counts on the dip are summed. As our test bench is light tight
and our background subtraction is excellent, including theentire chip in the sum vs. including only the region of
the chip seeing light makes no discernable di erence in thedtals. As the spot size takes up roughly half of the
chip, at- elding is not required. This technique has prove n robust; repeated measurements on the same bers,
often seperated by months, return the values to within 1.5% at all wavelengths.
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Figure 7. A plot showing a typical FRD measurement at 600nm fo r a Polymicro ber in the VP2 IFU. The red +'s mark
the 6 measurements yielded from the di erential step measur ement method described in section 4.1. This scatter is typical
for the measurements at all wavelengths. The black diamonds are the mean of the 4 central values.

5. THE FOCAL RATIO DEGRADATION MEASUREMENTS

Figure 7 shows the results of a typical FRD measurement of onéber at 600nm. As our input f-ratio is xed at
F/3.65 for these tests we plot EE as a function of output f-ratio for all the FRD plots shown. For reference, a
vertical line at F/3.65 and a horozontal line denoting 95% EE are plotted. In gure 7, the diamonds plot the
mean, after a minmax rejection of 1 point, of the 6 measuremes (shown as red +'s). At 95% EE the output
f-ratio for this ber is F/3.63, corresponding to an FRD valu e of 1.008.

In all, 24 bers in VP2 were tested for FRD both before and after installation of the AR cover plates and
index matching gel. Although no gure is presented here, we dund a 5-7% improvement in FRD with the AR
cover plates over measurements made on the same bers withothe cover plates. This improvement in FRD
with installation of the cover plates was uniform across boh wavelength and ber type. Of the 24 bers tested in
VP2, 10 of these were Polymicro FBP200/200/245 NA:0.22 bes, the same type of ber used in VP1. Plotted
in gure 8 is the mean output f-ratios for all 10 Polymicro be rs in VP2. Here, the +'s indicate the scatter of
the mean of the ten bers measured at a given wavelength as opposed tohe scatter of output f-ratio estimates
as seen in gure 7.

Figure 8 summarizes the most signi cant nding of this work. Namely, we nd a wavelength dependence
on FRD that increases with decreasing wavelength. Althoughthe wavelength dependence is weak, this is not
suprising as little FRD is expected for the relatively fast input of F/3.65. Although the results plotted here are
for Polymicro bers, similar results were found in all four ber types tested. To rule out this e ect as being due
to the di erent exposure times of the three bands tested we ra FRD tests at 365nm with exposure times varying
from 1 to 30s. These measurements were consistent with the &tter in gure 7 and showed no trend towards
worse FRD with exposure time. However, a systematic error ca not be entirely ruled out and futher tests are
required to place this result on rm footing. We return to thi s subject in section 7 and describe a simple test to
con rm this result.

The same reduction and analysis was made on the other three pes of bers in VP2 and on the shorter
Polymicro bers in VP1. The left plot in gure 9 shows the resu Its for all four ber types in VP2. Asin gure 8
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Figure 8. A plot showing the weak wavelength dependence fourd in all 4 bers tested. The '+'s are the data points for 10
Polymicro bers in VP2. We've supressed the majority of the d ata for visual clarity. The increase in FRD from 600nm
to 400nm is comparable to the increase from 400nm to 365nm.

Fiber Type Comparison (600 nm) VP1 vs. VP2 for Polymicro Fibers
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Figure 9. The gure on the left shows the dierence in FRD for 4  ber types at 600nm. Although only one wavelength
is plotted here, the same results, to within the error bars, w ere seen at 400nm and 365nm. On the right a comparison
between VP1 and the Polymicro bers in VP2 is shown. Although VP2 is 3 times the length of VP1, it exhibits less FRD
than VP1. This is likely due to the di erence in mounting and e nd polish between the two IFUs.



we have plotted the mean of all the bers tested, separated byber type. The solid orange line in both gure 8
and the left plot of gure 9 are identical. As the spread in the results was very similar at all wavelengths tested
for all bers, we present only the plot for 600nm. The Polymicro bers proved superior to the other 3 types
of bers tested with CeramOptec exhibiting the worst performance. Despite the di erences seen in these ber
types, all 4 are well within the speci cation of achieving 95% EE within an F/3.36 output beam, corresponding
to an FRD value of 1.08.

The right plot in gure 9 compares the results of the Polymicro bers in both VP1 (4.5m) and VP2 (15m).
Interestingly, VP2 shows less FRD at all three wavelengths han VP1. For gure clarity, the 400nm data has
been supressed and only EE between 0.79 and 0.99 has been t#dt If FRD exhibits a length dependence, it is
obscured at these lenghs by the e ects of end polish and mouintg technique.

6. THE TRANSMISSION MEASUREMENTS
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Figure 10. The rst plot shows data for all bers tested for tr ansmission before installation of the AR cover plates and
index-matching gel. The plot on the right plots the mean for e ach of the four ber types. The red leak at 337nm is
evident.
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Figure 11. The rst plot shows data for all bers tested for tr ansmission after installation of the AR cover plates and
index-matching gel. The plot on the right plots the mean for e ach of the four ber types. The strong absorption seen due
to the index-matching gel is clear.

10



Both VP1 and VP2 have AR cover plates installed at both the input and output ends of the ber bundle. '*
In the case of VP2, we were able to conduct transmission measements both before and after installation of
the cover plates. Nineteen bers were tested before instadition of the cover plates and 24 after installation.
There are a number of signi cant outcomes of these tests. Fst, the overall transmission before installation of
the AR coverplates is below the theoretical values by 4-6% at all wavelengths. This is certainly due to end
loss re ections. Despite this o set, the overall shape of the transmission curve matches the theoretical values
quite well. The left plot in gure 10 plots all of the bers tes ted before installation of the cover plates while
the the right plot shows the mean values for each of the four ter types{ Notable in this result is the superior
performance of the Polymicro bers at all wavelengths, particularly at 600nm. Also of note is the unexpected
rise at 337nm- this is not real, but the result of a red leak in tis Iter.

After installation of the two AR cover plates we see the expeted improvement over most of the wavelengths.
However, we nd that transmission is signi cantly down, beginning at 365nm and decreasing by 8% at 337nm.
We have determined this drop in the UV transmission is due to he index-matching gel (Dow Corning Q2-3067)
used to join the AR cover plates to the bers. We are exploring alternatives to this gel as this substantial loss
in the UV is unacceptable.

7. DISCUSSION

We have presented the details of a new ber optic test bench castructed at the University of Texas, Austin, in
order to conduct FRD and transmission measurements on two pototype IFUs for the VIRUS-P integral eld
spectrograph. All bers tested performed well within the speci cations of the instrument design. For all bers
tested the average FRD (EE:95%) at 600nm is 1.01. At 400nm it wrsens slightly to 1.02 and further still, to 1.03
at 365nm. Transmission measurements taken with the AR coveplates on were found to match the theoretical
values when the loss in the blue coming from the index-matchrig is accounted for.

The most striking result of the tests presented is the evidene for a weak wavelength dependence on FRD.
However, this result requires further testing. As mentionel in section 5, an overlooked systematic e ect can not
be ruled out. This possibility is based upon the observed dierences between the FRD curves shown in gure
9 vs. gure 8. There is a noticable di erence between them. Inthe FRD tests shown in gure 9 one sees a
convergence of the lines at lower encircled energy. In the st plotin gure 9 this cross-over happens at 82%. In
the right plot the same trend is observed yet at lower EE. Thistendency for crossover is expected; FRD throws
light both out of the cone and into the central obscuration. This leads to the crossover seen in both plots in
gure 9- with more light in the central obscuration you reach the same EE at a higher f-ratio, pulling the curve
upwards at lower EE. The opposite is true in the outer halo of the ber, where the curve is pulled downwards.
This trend is not seen in the wavelength dependent data. Howeer, the increase in FRD with wavelength is
apparent in a simple visual inspection of the spot sizes. Imges of the same ber and camera position, with only
the Iter changed, are visibly larger at bluer wavelengths. This e ect is small, yet detectable with the naked eye.

One test that may shed light on this issue is to conduct the sam set of tests, only at a slower input f-ratio.
As slower f-ratios are known to exhibit higher FRD, we shouldexpect to see an increase in the spread of the
lines in gure 8. If this is not observed, then our result is likely skewed by a systematic error. We did not have
an opportunity to conduct this experiment at the time of press. However, we intend to conduct these tests in
the near future.

{The lowest ber in gure 10 was not included in the calculatio n of the mean transmission value. This ber had a
fracture in its output end. Replotted in gure 11 (**' symbol s), note the signi cant improvement in overall transmissio n
caused by the index-matching gel.
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