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Project Overview

The International Linear Collider (ILC) is an exciting new project for an advanced accelerator
for fundamental studies in elementary particles and high energy physics. A major research

component of the effort towards design and construction of ILC is beam physics. The suc-
cessful operation of the machine relies on understanding and tight control of the beam in a

regime that is new in several respects. An important example is the flat beam that the ILC
damping rings are designed to produce: the ratio of horizontal to vertical emittance of the

extracted beam is an unprecedented 400:1. Equally important, the vertical emittance has to
be kept under control before the interaction point. Space charge, quadrupole rotation errors

and other factors may degrade the beam significantly before final acceleration and focusing.

Beam stability is an issue when operating beams with high degree of anisotropy because of
coupling resonances induced by space-charge forces, or Montague resonances [1], even when

the space-charge tune shifts are relatively small. Furthermore, a beam with a severe aspect
ratio is likely to be extremely sensitive to skew quadrupole errors. It is therefore critical to
assess the impact of such errors on the beam quality and flatness. On the other hand, skew

quadrupoles have long been known to linearly couple the beam dynamics in the x and y
directions leading to an exchange of emittance that is predictable [2, 3]. Thus, it is possible

to manipulate a flat beam using skew quadrupoles in order to maintain the emittance ratio,
as intended for ILC in a coupling correction section following extraction from the damping

rings.

In the presence of anisotropy [4, 5], such as in a flat beam like the ILC’s, the dynamics of skew
quadrupole interaction becomes significantly more complicated. Recent studies by Franchetti,
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for example, have found that the skew quadrupoles can either enhance the nonlinear transfer

of energy between the two degrees of freedom, or suppress it, depending on the parameters
[6]. In view of the flat beams of the ILC as well as for the more traditional applications where

anisotropy is present, such as high energy storage rings, the interaction of anisotropic beams
with skew quadrupoles is an active topic of research. We believe that an experimental program

at the University of Maryland Electron Ring (UMER), backed with adequate theoretical and
simulation support, promises to add much to our understanding of this interaction. Cost is not

the only advantage of scaled experiments with low-energy electrons, but also safety because
of the relatively low-voltages employed and the complete absence of harmful radiation.

UMER is a 11.6m-circumference recirculator devoted to research in beam physics with low-

energy (up to 10 keV), high current (up to 100 mA) electron beams [7]. A layout and
photograph of the machine are shown in Figure 1. The UMER lattice consists of 18, 200

sections with two FODO cells and two bending dipoles per section. The scaled experiment
for ILC would utilize a beam with extreme asymmetry in the transverse emittances, similar
to the ILC beams. The beam asymmetry in the UMER experiment, when combined with

appropriate focusing, can yield vertical and horizontal tune shifts for creating the conditions
to explore potential problems associated with such beams. Examples of phenomena to study

are: emittance exchange, halo formation and emittance growth, equipartioning, resonances
and instabilities, etc.

Figure 1: University of Maryland Electron Ring (UMER) [7] layout and photograph.
Details of ring section with center diagnostics chamber are shown on lower left corner.

Q: DC quadrupoles; D: DC bending dipoles. Pulsed Injector section is shown on upper
left corner. Q, QR70,71: DC quadrupoles; DO: pulsed dipole; YQ and QR1: long-pulsed

quadrupoles. Steering elements, Helmholtz coils and induction modules are not shown.
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The proper scaling of the experiment requires that we operate UMER in a regime of low

current and high emittance asymmetry. Quantitatively, the figures of merit are the beam
intensity parameters χx,y in the two transverse dimensions, which are defined by [8, 9]:

χx,y = 1 −

(

Qx,y

Q0x,y

)2

,

where Q and Q0 are the tunes with and without space charge, respectively. From the above
equation, the fractional tune shifts ∆Qx,y/Q0x,y are approximately equal to χx,y/2. The fol-

lowing Table summarizes four regimes of operation of UMER relevant to the present proposal.
The electron beam energy is 10 keV (βγ=0.2), and the zero-current tune for all calculations

is 7.6.

Table I: Flat Beams in UMER

εx/εy 400 100 40 10

εx† [µm] 75 75 75 75
εy† [µm] 0.19 0.75 1.9 7.5
Beam curr. [mA] 0.080 0.32 0.80 3.2

χx[number] 0.007 0.027 0.063 0.200
χy [number] 0.140 0.255 0.362 0.549

mean σx [mm] 4.3 4.3 4.3 4.5
mean σy [mm] 0.22 0.46 0.75 1.64

∆Qx/Q0x [%] 0.36 1.37 3.20 10.6
∆Qy/Q0y [%] 7.25 13.7 20.1 32.9
†4rms, unnorm.

All beams in Table I are emittance-dominated in the horizontal, i.e., x, plane, while only the
case with the largest beam current is space-charge dominated in the vertical, i.e., y, plane. The

two cases with lowest emittance ratios (40 and 10) should be relatively easy to implement in
UMER; the other two would require a especial effort. For comparison, the maximum vertical

tune shift of the ILC beam from the damping rings is estimated to be 0.2, or 0.5% fractional
shift for a vertical tune of 41. The case with the highest emittance asymmetry and lowest

current in UMER yields a fractional vertical tune shift one order of magnitude larger than in
ILC’s case. Even if only the smallest emittance ratios are produced, however, they can still

be representative of important physics in the transport and evolution of flat beams.

In addition to generating beams with different emittances, we have the capability of imple-

menting asymmetric focusing with almost any degree of asymmetry. In fact, having different
zero-current tunes is important for avoiding resonances (Montague) that would otherwise lead

to emittance exchange through equipartitioning. Furthermore, it is in principle possible to
obtain the same order of fractional vertical tune shifts as in Table I (without the same de-

gree of flatness, though) with just asymmetric focusing, albeit extreme: for example, a 55µA
electron beam at 10 keV, with εx=εy=5.5µm would yield ∆Qx/Q0x=1.2%, ∆Qy/Q0y=5.6%,

if Q0x=8.5, Q0y=3.0 in the UMER lattice. However, the difference between fractional tune
shifts in the two directions is not as large as with high emittance ratios (Table I).

In order to make possible the transport of flat beams in UMER, we have to study first the
problem of generating and characterizing such beams. For the high-energy beams of ILC,

ideas have been presented for producing flat beams by transforming a (initially) rotating
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beam with a number of skew quadrupoles (Derbenev transform) [10]. For the low-energy

beams of UMER, on the other hand, flat beams can be generated with varying degrees of
emittance asymmetry through photoemission employing slit masks in front of the drive laser

as in the photoinjector experiments of Refs. [11],[12]. The emittance ratio of the beam near
the cathode is given approximately by the aspect ratio of the spot illuminated by the laser,

in turn given by the ratio of dimensions of the masking slit. The main advantages of this
method are that masks can be placed in air instead of in a vacuum chamber, and that the

beam quality of the drive laser would be a major factor in determining the emittance of the
beam produced. Further, rotation of the masking slit and adjustments in other operating

conditions should make possible to attain emittance ratios of at least 40. The drive laser, a
Q-switched Nd-YAG laser, produces 5ns pulses at 0.354µm wavelength (3rd harmonic) with a
repetition rate of 10 Hz. A masking slit 4mm×0.1mm, (length=cathode radius), should allow

us to get an emittance ratio of εx/εy=40, approximately, with a beam current of 800µA. This
emittance ratio is comparable to the one achieved in experiments at Fermilab [13].

The laser setup in UMER is shown in Figure 2. Typical experiments with photoemission
allows us to introduce longitudinal (current) and/or transverse (density) perturbations. The

beam current can be perturbed because of the injection of photoelectrons into the cathode-
grid region of the triode electron gun, while the use of masks in front of the laser allows us

to introduce arbitrary photocurrents on top of thermionic-emission currents [14].

Figure 2: Experimental setup for laser perturbation experiment. The laser beam is

injected into a side window in the injector, where a mirror deflects it onto the cathode,
causing the photoemission of additional electrons on top of the thermionically-emitted

main beam [14].

Characterization of the beams should be possible with diagnostics and techniques available in
UMER, especially fluorescent screens for beam profiling and beam tomography, and standard

beam-position monitors (BPMs), although enhancement of S/N ratios will be required for
the lowest beam currents. Additional diagnostics such as optical transition radiation (OTR)

may become available for time-resolved beam profiling and emittance measurements.

The initial experiments aim at producing and fully characterizing a flat beam close to the

source output. For this, rotation of the beam for corrections can be realized by means of
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available skew quadrupoles that can be electronically controlled (Figures 3 and 4). Beam

tomography should provide a detailed phase space picture of the beams, in addition to the
emittances. Computer simulations should also allow us to model the initial phase space beam

distributions based on experimental results from tomography. In turn, knowledge of the initial
beam distribution will be important for predicting long term evolution of the beam and also

for calculations related to injection and envelope matching.

Figure 3: Photograph of a UMER skew quadrupole corrector. Two printed-circuit mag-

nets, each composed of two-halves, are placed at 450 angles to each other in the same
metal mount [18].

Figure 4: Photographs of UMER beam along the injector with the first quadrupole
deliberately skewed by 3.720 (a), compared against computer simulations with the code

WARP employing the same parameters (b). The beam rotation angle is accurately
reproduced by the simulation [18].

Once acceptable flat beams are produced, transport experiments for injection/matching into
the UMER periodic lattice will follow. In this area, our experience with emittance-symmetric
and asymmetrically-focused beams will be valuable. One scheme to be tried for injec-

tion/matching is the standard Collins insertion employed in storage rings. Emittance mea-
surements right after injection are a major component at this stage, with relevance to ILC

where beam degradation on extraction from the damping rings is of some concern.
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Before multi-turn transport of flat beams is tried, full characterization of the beam over the

first turn will be necessary. For this, UMER has 14 diagnostics chambers with fluorescent
screens and BPMs (see Fig. 1). Skew quadrupole correctors can also be placed at different

planes in the lattice and used for beam rotation corrections, and/or to introduce skew errors
and study their impact on the beam around the ring. For example, emittance exchange

studies can be conducted by measuring emittance via e.g., beam tomography at a number
of places around the ring. Another phenomenon of interest to be explored during first-turn

operation, also of interest to ILC and other machines, is halo production. Some evidence
from computer simulations suggests that quadrupole tilt errors around the ring lattice may

drive beam rotational oscillations that can feed the formation of halos. Halo production with
(extreme) flat beams is a completely unexplored area.

Finally, multi-turn experiments with flat beams will be attempted. Here, the main challenge
is beam diagnostics before extraction. In any case, the fact that we can operate with flat

beams having much larger fractional tune shifts than the ILC beams from the damping rings
will give us room to observe relevant phenomena even during the first turn of operation.

Broader Impact

This project addresses key aspects of the beam physics at the future International Linear Col-

lider that can be explored in a cost-effective way in scaled experiments with low-energy elec-
tron beams at the University of Maryland Electron Ring (UMER). The experiments planned

at UMER for the transport of flat beams provide many opportunities for graduate and under-
graduate students to participate in all phases of the work, from theoretical/simulation work

to the design and construction of hardware and instrumentation especially intended for flat
electron beams. The research will have a clear intellectual impact by providing insights

into the basic physics of flat beams, their manipulation and transport in a circular lattice.
The project will also have an educational impact by integrating the experience and results

into the future curricula of students in beam physics and accelerator science at University
of Maryland, and by disseminating the findings in refereed journals and the group’s web-
site. Further, the project represents an opportunity for research and training of graduate and

undergraduate students, including minorities.

Results of Prior Research

The University of Maryland Electron Ring (UMER) is funded by the U.S. Department of

Energy, Office of High Energy Physics under grant No. DEFG02-94ER40855. Funding in the
amount of 700K/yr, approximately, has covered the last 5 years. The current grant expires

in May 31, 2006, and we are submitting a renewal proposal for continuing development of
UMER as an experimental testbed for general intense beam dynamics research. There is no

overlap with the work proposed here.

The title of the project is “Task A, Study of Physics of Space Charge Dominated Beams for

Advanced Accelerator Applications”. Some research accomplishments in UMER so far are:

• Detailed characterization of triode electrode gun.

• Experimental and simulation studies of density perturbations in straight matching sec-
tion.

• Envelope matching of emittance as well as space-charge dominated beams.

• Intense-beam transport studies over first turn in a strong-focusing circular lattice.
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• Study of evolution of photoemission-induced perturbations.

• High resolution measurements of energy spread.

One graduate course, “Charged-Particle Dynamics”, and a honors undergraduate course,

“Using Computers to Solve Real-World Problems: Science & the Computer Revolution”, are
taught by senior personnel from the group every other semester at the University of Maryland,

with an attendance of 10-20 students per semester. The program has provided opportunities
for graduate students in Electrical Engineering and Physics to pursue theoretical, computa-

tional and experimental research in beam physics. Five Ph.D’s and seven Masters degrees
have been awarded to students working for UMER during the last five years. The graduates

have joined National Laboratories (Livermore National Laboratory, Navy Research Labora-
tory) or the private industry (General Electric, Microsoft Corp., and others). Furthermore, a
number of undergraduate students work regularly for the group in independent-study courses,

with emphasis in development of instrumentation for UMER.

Information about UMER can be found at

http://www.ireap.umd.edu/umer/,

which includes a link to the group’s publications. A partial list of important publications is

the following:

• P.G. O’Shea, M. Reiser, R.A. Kishek, S. Bernal, H. Li, M. Pruessner, V. Yun, Y. Cui,

W. Zhang, Y. Zou, T. Godlove, D. Kehne, P. Haldemann, and I. Haber, “The University
of Maryland Electron Ring (UMER),” Nuclear Instruments and Methods A464, 646-652

(2001).

• R.A. Kishek, P.G. O’Shea, and M. Reiser, “Energy Transfer in non-Equilibrium Space-

Charge Dominated Beams,” Phys. Rev. Lett. 85, 4514 (2000).

• S. Bernal, B. Quinn, P.G. O’Shea, and M. Reiser, “Edge Imaging in Intense Beams,”

Phys. Rev. ST, Accel. Beams 5, 064202 (2002).

• (Invited) R.A. Kishek, S. Bernal, C.L. Bohn, D. Grote, I. Haber, H. Li, P.G. O’Shea,

M. Reiser, and M. Walter, “Simulations and experiments with space-charge dominated
beams,” Phys. of Plasmas 10 (5), 2016 (2003).

• (Invited) S. Bernal, H. Li, T. Godlove, I. Haber, R.A. Kishek, B. Quinn, M. Reiser,

M. Walter, Y. Zou, and P.G. O’Shea, “Beam Experiments in the Extreme Space-Charge
Limit on the University of Maryland Electron Ring (UMER),” Phys. of Plasmas 11 (5),

2907 (2004).

At the University of Maryland Electron Ring (UMER) [7], we have a unique capability of

being able to introduce a skew quadrupole at almost any point in the lattice at almost no
additional cost and with little added effort. We furthermore have significant experience with

skew quadrupole effects and corrections, both theoretically and experimentally, and possess
the computational tools to address these issues.

Historically, our interest in skew quadrupoles began during the design studies for UMER, when
simulations using the code WARP [15, 16] indicated that random quadrupole rotational errors

can be detrimental to the UMER beam quality [17]. Since then, we have begun experimenting
with correction schemes, first in WARP simulations that indicated promising techniques [5],

then directly on UMER [18, 19].

7



Taking advantage of our low-cost printed-circuit magnets, we were quickly and inexpensively

able to construct a skew quadrupole corrector by sandwiching two regular UMER quadrupoles
inside the same mount at 45 to each other (Fig. 3). By varying the relative current between

the two quadrupoles, we effectively vary the skew angle of the magnet. Measurements with a
rotating coil indicated excellent linearity [18]. We were able to quickly conduct a systematic

experiment on the UMER injector, then under construction, where we used the skew corrector
to induce a rotation in the beam. The measurements of the skewed beam demonstrated

excellent agreement with the WARP simulations [18], as seen from Fig. 4.

Subsequent experiments during the phased construction of UMER indicated the presence of

beam rotation, which was largely taken out using a single skew quadrupole at the injection
point, applied to minimize the observed beam rotation in all the downstream diagnostic

chambers [20, 19]. Figure 5 illustrates beam photographs before and after skew correction
and rms matching. The photos are taken in diagnostic chambers located at the same phase
of the lattice period, meaning all the photos should look identical if the beam is matched. At

present, we do have one skew corrector installed in UMER, but more can be easily added at
little cost.

Figure 5: Fluorescent screen pictures of 24 mA, 10 keV beam at 12 ring diagnostic
chambers, before (a) and after (b) both skew correction and empirical matching are
implemented. Pictures shown are for DC injection [19].

The observation of a halo as well as rotated beams in those early UMER experiments inspired

additional studies of quadrupole rotation effects and halo formation [21]. The initial results
indicate significant sensitivity to quadrupole rotation errors in the injector (see Figure 6).
For instance, injecting a beam rotated by a mere 50 is sufficient to induce a halo within

a few meters, the scale in which the halo was observed in UMER. It is surmised that the
halo develops due to a parametric resonance with the envelope modes of the beam, which in

the skew system are known to have additional frequencies and are generally more complex
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Figure 6: Particle plots in x − y (configuration space) and y − y′ (phase space) from

WARP simulations of space-charge dominated UMER beam with a rotational injection
error, but matched otherwise, at a distance s = 8 m from the source: (a) initial rotation

of 100; (b) initial rotation of 200 [21].

[22]. To address this problem in depth, we have developed adequate computational tools to
augment WARP in analyzing skew quadrupole effects.

First, an envelope code has been developed that includes rotational effects, based on John
Barnards moment equations [3]. Second, we have recently developed a particle-core model
for looking at the problem of halo formation in a system with skew quadrupoles [23]. The

model makes use of Barnard’s moment equations to track the rotating core, and combines the
single-particle equations for an elliptical beam with coordinate transformations to track the

halo particles. This problem is not amenable to simplifications made by other particle-core
models [24, 25, 26] since it lacks the necessary symmetry.

Another area of research in UMER related to flat beams is transport with highly anisotropic

focusing and (initially) equal transverse emittances. UMER, unlike synchrotrons and storage
rings in existence, can operate in a regime of beam intensities where transport of anisotropic

beams has not been studied. As for the case of high emittance ratios, asymmetric focusing
provides an opportunity to study beam instabilities, equipartioning, halo formation, etc.

Figure 7 [27] shows processed fluorescent screen images from an experiment over almost 2/3-
turn (see also Fig. 1) of a 7.2 mA, 10 keV electron beam with both symmetric (Q0=7.6)

and asymmetric focusing (Q0x=7.6, Q0y=6.0). The processing of pictures enhances the low-
intensity halos, while the beam cores are “flattened”. Well-defined halos are observed at some

chambers when symmetrical focusing is employed, but become absent or completely different
in character with asymmetrical focusing.

The experiments underway in UMER focus on matching/injection for multi-turn transport

of beams with intensity parameters around χ=0.9, i.e., a fractional space-charge tune shift
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Figure 7: Logarithmic-grayscale rendering of electron beam (7.2 mA, 10 keV) images at
four chambers in UMER (see also Fig. 1). The chamber labeled RC10 is 7.7 m from an

aperture plate near the electron source. TOP ROW: symmetrical transverse focusing.
BOTTOM ROW: highly asymmetrical transverse focusing. From Ref. [27].

far larger than in any circular machine in existence. The transport of low-current flat beams
would correspond to a different but equally challenging regime of operation.
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Facilities, Equipment and Other Resources

The Institute for Research in Electronics and Applied Physics (IREAP) has its own facility

totaling 100K square feet (NASF). The Institute comprises faculty from five academic de-
partments with a broad range of research and teaching expertise. Currently IREAP has 50

teaching and research faculty, 10 long-term visiting faculty, 8 faculty research assistants, 57
Ph.D. students, and 15 staff. Further details are available at www.ireap.umd.edu. We are

fortunate to have several facilities available to us for our experimental research. The main
experimental facility available to this proposal is the University of Maryland Electron Ring

(UMER), a compact model of an intense electron recirculator that is ideally suited for student
research. UMER is funded by the US Department of Energy (High Energy Physics as well as
Fusion Energy Science). The facility is essentially complete, as it is well through its multi-

turn commissioning stage. UMER consists of a 10 keV electron beam injector with adjustable
current and emittance delivering up to 100 mA into a small, 3.6-m diameter ring. The low

electron energy permits the use of inexpensive printed-circuit magnets for focusing, bending,
and orbit-corrections. Designed to be a research tool on beam physics, UMER is heavily pop-

ulated with various phase-space-mapping diagnostics, some of which are time-resolved. The
experiments are monitored and controlled via state-of-the-art data-acquisition and control

software developed in-house and based on the Labview system. UMER is augmented with a
separate setup, the Long Solenoid Experiment (LSE) for investigating the longitudinal beam

dynamics and the evolution of energy spread due to Coulomb collisions in a straight geometry.

Computers
The UMER group owns a large number of desktop computers as well as 6 fast Linux dedicated
simulation machines, and has access to additional computer horsepower. In addition to

various in-house beam envelope and magnet codes, we have access to the WARP particle-in-
cell code, developed at LLNL by Alex Friedman and D. Grote, et al. We have taken part in

benchmarking the WARP codes against previous experiments at the UMER facility.

Other Resources
We have access to IREAP’s Machine Shop, which carries a large number of state-of-the-art

tools. Thus, we can routinely design and manufacture high-quality mechanical components
for beam diagnostics and other hardware in UMER. The following table gives the IREAP

laboratory space and major experimental equipment available to this project:

Laboratory NASF Major Equipment Value

University of Maryland Electron 1,200 Recirculating electron accelerator $1.4 M

Ring (UMER) for student use (funded by DOE)
Mechanical Development/Shop 2,000 CNC lathes, mills, Weld/braze $2.6 M

facility, ProE design software,
Computer 1,000 Numerous Linux and Windows XP $0.5 M
Modeling/Theory/simulation workstations

Codes: WARP, PBOLab, HFS,
PARMELA, CIRCE, MagPC

Vacuum Processing 800 Hydrogen furnace, Clean bench, $0.4 M
Chemical processing

Cathode test facility 200 vacuum chamber and diagnostics $0.1 M

All the above facilities support research for students working towards advanced degrees in

Physics and Engineering. The Institute also has a number of undergraduate students involved
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in research through work-study, honors research and course-based programs.

First year Project Activities and Deliverables

Conduct experiments to produce flat beams through photoemission using laser and slit
masks. Also, measure emittance and characterize flat beams phase space via beam

tomography.
• Design and install slit masks for drive laser and conduct tests to characterize illuminated

spot expected at cathode.
• Design and implement enhancements of beam diagnostics for low current beams in

UMER: amplification of signals from beam position and current monitors, frame integration
of CCD camera output, etc.

• Measure beam’s transverse emittances near source and characterize phase space via beam
tomography. A single skew quadrupole corrector near source may be used for beam

manipulation.
• Optimize operating conditions and optics of e-gun/laser/mask for production of flat
beams. A transverse-emittance ratio of at least 10 should be possible, though aiming at a

ratio >40.
• In parallel with experimental work, conduct simulations to model and ascertain phase

space distributions of flat beams.

Second year Project Activities and Deliverables

Conduct beam transport experiments and simulations with flat beams in UMER.

Assess evolution of flat beams in single and multi-turn operation.
• Study injection/matching of flat beams into UMER’s periodic lattice. Measure beam’s
emittances after injection.

• Characterize flat beams with fluorescent-screen diagnostics for first turn. Test use of
multiple skew correctors before injection and in the main lattice.

• Introduce skew “errors” to observe effects on flat beam and build sensitivity matrix,
and optimize beam transport for first-turn.

• Measure beam’s emittances after first turn and apply skew corrections as necessary.
• Multi-turn transport and extraction of flat beams. Beam characterization on extraction.

• In parallel with experimental work, conduct simulations to model and ascertain
evolution of phase space distributions of flat beams.

Budget justification: University of Maryland, College Park

Personnel. S. Bernal, assistant research scientist and principal investigator, 10% FTE, will
coordinate the overall project and collaborate with the co-principal investigator and graduate

student. R. Kishek, associate research professor and co-principal investigator, 5% FTE, will
lead the theoretical research efforts and collaborate with the PI and the graduate student.
One graduate student, full-time, to conduct daily research experimentation in the laboratory.

Fringe Benefits. Include retirement, social security, health insurance, and tuition remis-
sion for the graduate student. UMD does not have an established, fixed benefit rate and

grant/contract accounts will be charged actual amounts. Health plan costs are based on the
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State of Maryland fiscal year. There are various health benefit options available. For research

proposal purposes 27% of total salary has been a reasonable yardstick for fringe benefit costs.
Tuition remission is based on the current $393/credit hour for 10 credit hours per spring/fall

academic semesters. Tuition remission does not generate indirect costs.

Travel. Domestic travel for conferences/workshops in the research field for 2 trips per year.
Cost estimated to be $1,000 per trip (airfare $350, $500 perdiem @ $125/day for 4 days and

$150 registration).

Material and supplies. Include laboratory small tools, equipment, and component parts
to conduct the research effort. Costs are based on historical costs for similar projects.

Publications. The publication charges are consistent with those of high quality journals,
such as AIP and IEEE, and covers costs of color diagrams, etc.

Other. Communications charges for long distance telephone charges to collaborate with

colleagues regarding research findings, often in lieu of more expensive travel.

Indirect Costs. 48.5% of modified total direct costs less tuition remission. 48.5% IDC is
the current negotiated rate for the University of Maryland.

Two-year budget, in then-year K$

Institution: University of Maryland, College Park

Item First year Second year Total

Other Professionals 9 10 19
Graduate Students 25 25 50

Undergraduate Students 0 0 0

Total Salaries and Wages 34 35 69
Fringe Benefits 17 18 35

Total Salaries, Wages and Fringe Benefits 51 53 104

Equipment 0 0 0
Travel 2 2 4

Materials and Supplies 3 1 4
Other direct costs 0 0 0

Institution 2 subcontract 0 0 0

Total direct costs 56 56 112
Indirect costs(1) 24 24 48

Total direct and indirect costs 80 80 160
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