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Abstract laser pulse, the emission process, and the subsequent elec-
Codes for simulating photocathode electron guns invant—ron beam'dynamlcs. The VORPAL PIC c.ode [2] meets
ably assume the emission of an idealized electron distr‘hese requwement§ and Was.sele(.:ted for this purpose.
bution from the cathode, regardless of the particular par- !N the next section we briefly introduce the VORPAL
ticle emission model that is implemented. The output ofimulation framework. Then, we describe the currently im-
such simulations, a relatively clean and smooth distribiP!émented capabilities to model radio frequency (RF) pho-
tion with very little variation as a function of the azimuthal toinjectors with VORPAL and present results from Copper
angle, is inconsistent with the highly irregular and asymphotocathode smulapo_ns. We conclude with a summary of
metric electron bunches seen in experimental diagnostid§€ current progress in implementing photocathode models
To address this problem, we have implemented a recentl) VORPAL and discuss our future development plans.
proposed theoretical model [1] that takes into account de-
tailed solid-state physics of photocathode materials in the
VORPAL particle-in-cell code [2]. Initial results from 3D THE VORPAL SIMULATION
simulations with this model and future research directions FRAMEWORK

are presented and discussed. The VORPAL code is under active development at Tech-

X Corp. for the purpose of simulating intense laser-plasma
INTRODUCTION Chysice, TP J P

Future advances in fundamental research in high-energy The VORPAL framework currently can model the inter-
physics require more powerful particle accelerator faciliaction of electromagnetic fields with conducting bound-
ties, such as the Next Linear Collider (NLC), than thos@ries, charged particles (of both constant and variable
currently in use. A key component of the NLC is its pho-weight), and charged fluids. Included in the fluid imple-
toinjector electron gun. Free electron lasers (FEL) [3] alsohentations are both a cold (pressureless) fluid and a scalar-
require significant advances in beam brightness from phgressure fluid. VORPAL also has field ionization produc-
tocathode electron guns. Modeling photoinjectors permitéon of particles and a Direct Simulation Monte Carlo treat-
design improvement and optimization without the cost ofnent of neutral and charged fluids, i.e., self collisions for
construction. the particle representations.

Codes for simulating photocathode electron guns use The VORPAL framework uses C++ templating over both
specific particle distribution functions (e.g. a cigar or ardimension and floating point types, so that one can build
ellipsoid shapes) for the loading of electrons “emitted”1D, 2D and 3D codes, in both single and double precision,
from the cathode, regardless of the particular physics afsing a single source code base. Outputis in the form of Hi-
the emission process [4]. As a result, the output data @frarchical Data Format V.5 files, a binary, cross-platform,
such simulations shows a relatively clean and smooth diself-describing data format. VORPAL can run on a par-
tribution with very little variation as a function of the az- allel Beowulf cluster or on the parallel IBM SP RS/6000
imuthal angle, are inconsistent with the highly irregulathrough use of the Message Passing Interface (MPI). On
electron bunches observed in experiments. This is a fu®S X, VORPAL works with the LAM MPI implementa-
damental problem that must be resolved to facilitate newion.
ideas and designs within the electron gun community lead- VORPAL was designed from the outset to be flexible
ing to the order-of-magnitude performance increase neederough use of object-oriented methods. These methods
by the NLC and other next-generation accelerators. have permitted easy addition of different electromagnetic

The opportunity presented by this challenge is to take adeld solvers, particle dynamics, and charged fluids. For

vantage of recent advances in the theoretical understandiegample, VORPAL makes available both an electrostatic
of the photo emission process from various cathode matedolver and an implicit electromagnetic solver.

als [1, 5]. The idea s to implementthese theoretical models \,orpal simulations are currently applied to study a

in & high-performance 3-D particle-in-cell (PIC) code that, ,mper of problems: generation of laser wake fields and

is general and flexible enough to accurately simulate thgical injection of particles into wake fields [6], electron
*Work at Tech-X Corp. supported by a DoE SBIR grant. cooling of ion beams, photonig band gap systems, RF heat-
t dad@txcorp.com ing of fusion plasmas, magnetic reconnection.
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DEVELOPMENT OF PHOTOINJECTOR the incident photons with a wavelengthandU (z) is the
MODELING IN VORPAL Fowler function [1].
The accurate calculation of the photocathode electron

There were two main problems to be solved to enablgsmperature as a function of time represents the most sig-
photoinjector modeling in VORPAL. Firstly, code infras- pificant problem to solve in order to calculate the emission
tructure was needed for support of photocathode objectgrrent. Generally, the electrons and ions in the photo-
initialization and, more importantly, development of an al-cathode have different relaxation times in response to ex-
gorithm for loading electron macro particles in the simulaternal perturbations (in our case the interaction with the
tion in response to (photo and thermal) emission. Secondlyser pulse). Jensem al. [1] described a general way to
implementation of photocathode models was needed to efirodel this response and to calculate the electron temper-
able the calculation of emitted current denSity during th%ture. They also gave a Steady_state approximation model
interaction of a laser pulse with a photocathode. that we implemented first. Results from this model are pre-

We designed and implemented code to instantiate photgented in the next section. The implementation of the gen-
cathode emitter and dispenser cathode objects only if daggal, nonequilibrium, nonlinear, partial differential equa-
in a VORPAL input file request a simulation with a photo-tions (PDEs) model for the electron and ion temperatures
cathode. Once the objects of these two types are initialize currently in the development pipeline. All implemented
the actual loading of electrons emitted from a photocathodgode is for 3D simulations only in Cartesian geometry.
happens at each time step.

Loading of electron macro particles is handled by the
photochode emitter object provided the emission current is COPPER PHOTOINJECTOR
nonzero. The photocathode emitter object obtains the emis- SIMULATION RESULTS

sion current density from the dispenser cathode object. The The development of phothocathode models in VORPAL
latter is designed to enable the implementation of diﬁere%as driven by test simulations of an RF gun with a Cu pho-

photocathode physics models. Note that the physics of tI'fgcathode so far. The photocathode is specified as a par-
dispenser cathode generally has different length and time

scalgs than the ones for t.he PIC simulat_ion. This require Symbol | Definition | Value |
the dispenser cathode object to manage its own physics de
main and respond to requests from the photocathode emit-__* laser wavelength 266.0 nm
ter object on the time scales of the PIC simulation. Ly eff. z pulse length 2.544mm
The photocathode emitter object loads the electror by eff.  pulse length 3.333 mm
macro particles during each time step according to accel-__lv eff. y pulse length 3.333mm
eration in the external fields (e.g., the RF field), the total A% eff. pulse time 6.0 ps
charge that has to be emitted and the distribution of elec- o RF field magn. 50.0 MV/m
tron velocities. Vpg RF field freq. 1.3 GHz
The emitted current density is computed in the dispenser__ %0 _RF field phase 248.1 deg.
cathode object as the sum of the photg (7., ®) and Ty Initial cathode temp. 659.0K
Jrrp (T., ®) thermal current densities using Eqn. (14)| _ “ chemical potential 7.0ev
in Ref. [1]: n thermal mass factor 1.375
Dy Cu work function 4.6eV
_ L) U@B(hw—9) Ay e-e relax. time param. 25.1
DT, @) = q(1—R)=20= % UBp) Ao e-ph relax. time param), 0.226
Jrep (Te, ®) = AgrwpT! exp(—5¢), Vs Cusound velocity | 476000 cm/s
Tp Cu Debye temp. 347K
whereq is the electron chargé, is the electron tempera- po Cu density 8.96 g/cnt
ture,3 = 1/kpT, with kp the Boltzmann constant,is the J Cu skin depth 10.416 nm
chemical potential® is the work function (the difference R Cu Reflectivity 0.942
between the potential barrier maximum and the chemical n temp. decrease factol 17.321
potential at zero field), and = ® — /4QF is the effective L, sim. boxz length 23 mm
potential barrier maximum when the image charge potent L, sim. boxz length 30 mm
tial and the external electric field are considered [5]. Thg L, sim. boxy length 30 mm
image charge factor is denoted Qy F' is the magnitude of dt sim. time step 0.117 ps
the electric field, and/4QF is the Schottky barrier low- I pulse intensity magn.| 10.237 MW/cn?
ering. The current densityz.p (T, ®) is calculated in Q] beam charge 0.506 nC

the Richardson approximation [z, p ~ 120 Alcm?T2

is the Richardson constant). The laser intensity interact-
ing with the photocathode surface at timis I (t), Ris  Table 1: Selected parameters we used to simulate electron

the fraction of the reflected laser lighitw is the energy of beam generation from a Cu photocathode in an RF gun.
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ticle source object at a given simulation boundary. In thas in Ref. [7] and its parameters are given in Table 1. The
simulations here, it was located at the simulation box sidiser pulse and RF field parameters we used are relevant to
with z = 0. The laser pulse was modeled as a Gaussigshotocathode RF gun experiments and are similar reported
propagating along the directionz and starting at3.™¢  values in previous simulations [7, 4]. We did the runs with-
from the photocathode. The rms widths of the pulse areut an external solenoidal magnetic field. However, since
ol =1, /2fora =z, y, orz. The values of,, are given VORPAL provides an input file space-time function parser,
in Table 1. The functional form of the RF field is the samethe addition of the solenoidal magnetic field requires only
its expression in the input file.
Results on the transverse trace-space rms emittance,

7 , : : shown in Fig. 1, reproduce the oscillations with the same
fg‘ 6| f"”&é frequency as observed in other RF Gun simulation codes
g 5le f % | [7] with the same RF field. The calculated rms bunch
& (% 4 kY s length of (Az,..,s) =~ 1.25 mm, middle plot in Fig. 1, after
A all W approximately21 RF cells propagation is very close to the
u Ly ) rms lengthol™* = [, /2 ~ 1.27 mm (Table 1) of the laser
£ 2 pulse indicating that the simulations are done close to the
&1t . optimum injection phase. The formation of the Gaussian

ot ! ! | ! shape of the beam is also seen in a visualization (bottom

0 50 100 150 200 250 300 plot in Fig. 1) of a snapshot of the electron macro particles

(2) (mm) during the emission process. The beam is followed in the
simulations using VORPAL's moving window algorithm.
These runs are only practical in parallel and with sufficient
CPUs/memory/storage resources available. Larger runs re-
7 quire modern 64 bit computer architectures and operating
systems to exceed the 2GB file system partition limitation.

SUMMARY

We implemented the recently proposed steady-state pho-
0 - =5 080 B0 @0 Smu B tocathode emission m(_)del [1_] in th_e VORPAL PIC code

(2) (mm) and .enable(.j RF gun S|mulat.|on.s with it. The mpdel was

applied to simulate beam emission and propagation from a

simple metal (Cu) photocathode. These results indicate the
potential of this method to provide for the first time detailed
photocathode physics modeling in RF gun codes. Future
development plans include the implementation of a gen-
eral, nonequilibrium, nonlinear, PDEs model for the elec-
tron and lattice temperatures, modeling of surface rough-
ness, laser pulse modulations, and scattering effects, VOR-
PAL photoinjector code verification and validation.
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