Research Plan
Scientific and Technological Background
[bookmark: _GoBack]Polyaromatic hydrocarbons (PAHs) are widespread in the interstellar medium[1-3]. PAHs (and PAH clusters) are believed to be ubiquitous and abundant in space, with interstellar Infrared (IR) spectra providing evidence for their presence in different areas by means of identifying PAHs' characteristic features in the spectra[4-7]. They are also by-products of fuel combustion processes and can be found in earth's atmosphere[10]. PAHs consisting of more than three fused rings will partition in atmospheric aerosol particles due to their low vapor pressure[11]. In addition, they are considered an environmental and health hazard; hence measures are taken to minimize their formation, bearing in mind the goal of cleaner combustion processes[12]. 
The non-covalent interactions between PAHs and water molecules have raised interest from various fields due to their importance in chemical, environmental, astrochemical, and biological processes.[13] In cold regions in the Inter Stellar Medium (ISM), PAHs can freeze on icy mantles formed on dust grains[14]. Photochemical processing can occur due to interaction with ultraviolet (UV) and vacuum ultraviolet (VUV) radiation, giving rise to new complex organic molecules [14-16]. Radiation can also result in ionization of the PAH, and these PAH’s when embedded in water ice can lead to a lowering of their ionization energy[17]. In the atmosphere, PAHs can react with atmospheric oxidants such as O3, which is affected by the PAH environment and the specific substrate to which it binds; PAHs can be adsorbed on surfaces of different atmospheric particles, which affects their reactivity.[18] 
Non-covalent interactions play a key role in biology, as water in non-polar cavities near active protein sites enables many biological processes [19]. The non-covalent interaction of PAHs bears technological importance; for example, their  clouds  [20] can be used for molecular recognition[21], which is relevant in sensing and in medical applications. Moreover, embedding water within synthetic nanostructures (such as carbon nanotubes) can lead to the fast transport of water through membranes,[22, 23] which have the potential for use as gas storage containers,[24] water purification and hydrogen production[25] among other applications. [26-28] 
Non-covalent van der Waals interactions between water and PAH molecules directly affect the underlying chemical processes. A molecular understanding of the formed structures and their chemical properties is evidently crucial.
Objectives and significance of the research
The van der Waals interactions among PAH units and between the PAHs and water clusters can result in changes in chemical properties such as ionization energies and excited states ordering. This research aims to perform comprehensive theoretical and experimental studies into such clusters revealing the preferred structural and dynamical motifs and their influence on chemical reactivity.
[image: ]In recent collaborative work , we have studied water clusters complexed to naphtalene and anthracene dimers[8, 9, 29]. Our studies included the structural trends of the nuetral and cationic structures, and the effect of the ionizing radiation on the resulting products, and excited state energetics. For the case of naphtalene, we demonstrated that the structures (side or top orientation of the water clusters with respect to the PAH) depend on the size of the water clusters. Moreover, we demonstrated chemical changes can occur upon ionization of the water moity (as opposed to the PAH moity)[9]. 
For the case of anthracene dimer, we have shown experimentally and computationally that anthracene dimer complexed to water clusters forms a large variety of isomers [8]. Moreover, our calculations revealed that the water cluster tend to stay complexed together and not disperse around the PAH. Moreover, among those isomers, we have identified one isomer in which the water was confined within the anthracenes and we have further demonstrated the conditions in which water cluster can be confined inside small PAHs[29]. Calculations revealed four possible configurations for the anthracene dimer, where the most stable one is a structure where the two anthracenes are covalently bonded to each other, as shown in Figure 1. The formation of the bonded structures is extremely interesting as it provides a way for the growth of PAHs by dimerization that could be relevant in soot formation and in processes relevant to the ISM. In the reported study [8] we concluded that anthracene dimer (a) is not formed under the experimental conditions; the structures in the experiments are likely arising from isomers (b) and (c), as verified by comparing calculated and mesuared ionization energies (IE). It is also known in the literature that there is a barrier to the formation of isomer (a). When increasing the size of the acenes, the barrier for the formation of the bonded structure is actually lowered[30, 31]. Figure 1: Possible configuration of anthracene dimer, and the calculated binding energies in kcal/mol. Taken from ref [8]

[image: ]In this proposal, we aim to study properties of mixed PAH water structures. We will explore dimerization paths of different PAHs in the gas phase to form bonded structures and the interaction of the PAHs in water. The presence of water can also affect the dimerization process. Our preliminary results demonstrate the tendency of the pentamer to bend in a cluster containing anthracene dimer and four waters, as shown in Figure 2. This bending brings the carbon atoms close together, which in turn can lead to bond formation. Additionally, our calculations revealed the possibility of the formation of confined water clusters within PAHs with geometries that enable CH- interactions. To our knowledge, this is the first study demonstrating water confinement in small PAH molecules is favourable due to their energetic tendency.[29] Figure 2: Four water cluster confined inside a pentacene dimer.

While these previous studies enhanced our understanding of the said structures, several questions still remains unanswered, which this proposal aims to answer. Specifically we aim to answer the following questions:
· Can bonded PAH dimers form in the gas phase? If so how does the dimerization process depend on the size and geometry of the PAH? Does the presence of water effect the dimerization processes?
· What are the binding trends of the bonded dimers with water clusters, and does it differ from the those of the non-bonded dimers? 
· The structural trends for the neutral and cation clusters were predicted by their energetic tendencies for low temperatures. How do the trends change at higher temperatures?
· Can the formation of confined water clusters predicted computationally observed under experimental conditions? 
· How does the initial clustering between the PAH dimers and the water molecules affect the dynamics of the systems? 
· Under VUV radiation, how are the resulting products dependent on the isomers being ionized?
· What complex chemical strucrtures can be formed upon ionization of the water subclusters? What is the dynamics of the systesm?
To answer the questions above a comprehensive study which includes both experimental and computation work is needed. 
The proposed study is a collaborative study, where experiments will be performed at the Lawrence Berkeley National Laboratory by Dr. Musahid Ahmed and his group. Theoretical and computational part of the study will be performed at the Hebrew University in Tamar Stein's lab. Both experiments and calculations are crucial for understanding of the clusters above. 
Methodology
Below we will detail the computational and experimental techniques we will use to study the abovementioned systems. We will also present our initial results demonstrating the abilities of the suggested approaches to provide a molecular-level understanding of the mixed clusters systems.
Density Functional Calculations
The computational strategy to identify the structures and different isomers is to search for local minima on the potential energy surface (PES) using DFT. We will calculate the energy, enthalpy and entropy of the systems (which are crucial to predict the behaviour of the systems at elevated temperatures), and will calculate barriers for the formation of the bonded-structures. DFT serves as the workhorse of quantum chemistry due to its favorable computational cost and accuracy[32]. DFT is, in principle, an exact approach in which the central variable is the electronic density; in practice, an approximation to the exchange-correlation functional is needed[33]. The choice of the approximate exchange-correlation functional is crucial for the accurate description of the system. 
To study mixed PAH dimers with water clusters, we will employ the use of ωB97X-V functional [34]. ωB97X-V is a range-separated functional, and, as such, it reduces the self-interaction error, which, consequently, overcomes many of the limitations in traditional functionals[35]. It also contains a nonlocal correlation to describe non-covalent interactions. We have recently demonstrated the supremacy of this functional among different functionals to correctly describe the energetic ordering of bonded and non-bonded isomers of anthracene dimer; benchmark calculations were performed by comparing the result to MP2 and CCSD(T) calculations[8, 9].
Upon interaction with VUV radiation, ionization of the system occurs and is directly dependent on the radiation energy, which dictates which part of the system will be ionized, namely the PAH dimer or the water cluster. The hole's location dictates the systems' dynamics; thus, the ability to model both cases is crucial. The system's ground state is when the charge lies on the PAH; thus, modelling it is straightforward. However, calculating the cation where the charge is on the water sub-cluster is challenging as this is not the system's ground state. 
Constrained locally-projected SCF for molecular interactions
In order to successfully converge to a state where the charge remains on the water moiety, we can partition the system into fragments using the constrained locally-projected SCF for molecular interactions (SCF-MI) procedure available in Q-Chem[36, 37]. In SCF-MI, the occupied molecular orbitals on each fragment are expanded in terms of atomic orbitals of the fragments. The resulting MOs are localized on the fragments and called absolutely localized molecular orbitals (ALMOs) [38, 39]. We use a fragmented method based on locally projected equations by Stoll et al. [40]. Due to this constraint, the calculation's result placed the charge on the water cluster. We then follow the calculation with a second calculation in which the starting guess of the SCF was the constrained calculation. To help the calculation converge, we used the maximum overlap method (MOM)[41] to preserve the initial orbitals, with the charge staying on the water sub-cluster. When the MOM calculation is converged, we again read the SCF guess and converge the calculation using direct inversion of the iterative subspace (DIIS) as we do in all the calculations.
For naphthalene-water clusters, experiments showed different channels of ionization depending on energy of the ionizing photon[9]. We have succesfuly calculated both channels using the approach detailed above as shown in Figure 3. Importantly, as can see from the figure, ionization of the water sub-cluster can lead to very different structures where oxygen can bond to the PAH ring, and different dynamics are expected for each channel.
Ab-initio molecular dynamics
In order to study the dynamics of the system with time, we will perform ab-initio molecular dynamics (AIMD) calculations. Here the forces acting on the nuclei are calculated using electronic structure calculations, usually with DFT[42]. In order to sample different initial conditions, we will run a series of AIMD simulations for the different isomers and use different temperatures ranges following the experimental conditions. We will start with 100 different trajectories and will add trajectories until the results converge and the resulting statistics do not change. AIMD will reveal possible products and their relative abundance in addition to their dependence on the initial structures.
[image: ] Figure 3: Left: Ionization of the water sub cluster. Right: Channels upon ionization of the naphthalene part of the cluster.[9]

Single photon ionization mass spectrometry
The experimental strategy to identify the structures and dynamics of water clusters confined within PAH dimers will be to use VUV photoionization mass spectrometry coupled with IR spectroscopy. Previously we have demonstrated our capabilities by studying naphthalene water clusters[9] and anthracene water clusters[8] using single photon ionization mass spectrometry. In addition, we have published a series of papers probing DNA nucleobase dimers and their interactions with water using the tools of electronic structure calculations coupled to synchrotron-based photoionization mass spectrometry.[43-47] The mixed clusters were generated [image: ]by sublimating the PAH and DNA nucleobase molecules in a nozzle to which water vapor seeded in helium/argon was passed through. The experimental apparatus is shown in figure 4[48]. The resulting cluster distribution was interrogated within a synchrotron based reflectron photoionization mass spectrometer. For naphthalene-water clusters,[9] we showed different channels of ionization depending on energy of the ionizing photon. (figure 3) At 10 eV, only naphthalene and its clusters can ionize, while above 11 eV, water clusters begin to ionize. The appearance energies of these ions, revealed via photoionization efficiency measurements, coupled with ionization energy calculations from different neutral geometries reveal the presence of the isomers in the molecular beam. A theme that appears from the results is that water tends to cluster above the π cloud of the naphthalene and typically does not interact with the side edges, and the photoionization dynamics of the mixed system is very similar to pure water cluster ionization above their ionization energies (<10.9 eV). The next series of studies directly relevant [image: ]to this proposal is the study of anthracene water clusters. To show the quality of data that can be extracted from VUV single photon ionization mass spectrometry, we show mass spectra of the anthracene water clusters recorded at 10 eV photon energy in figure 5 for argon backing pressure of 820 torr and the heater temperature to sublimate anthracene in the nozzle maintained at 381 K. The source conditions (backing pressure, nozzle diameter & nozzle temperature) were varied to optimize conditions so that reasonable amounts of anthracene monomers and dimers and their clusters could be formed. The inset of figure 5A shows an expanded region of the mass spectrum between 213 and 220 m/z. The main peaks are for anthracene clustered with two waters and one argon respectively, while the smaller peaks separated by 1 amu arise from the 13C natural isotope contribution. At this photon energy, there is no evidence of protonated species being present in the clusters that are formed in the molecular beam.Figure 4: Schematic of the experimental apparatus with voltages shown. (1) Microchannel plate detector, (2) Reflector mirror, (3) Molecular Beam region, (4) Ion optics for extraction.
Figure 5: Mass spectra of anthracene-water clusters recorded at (A) 10 eV and (B) 12.5 eV photon energy, with an Ar-backing pressure of 820 Torr, and heater temperature of 381 K. The green inset in (A) shows an expanded range of the mass spec between 213-220 m/z.

However, upon increasing the photon energy beyond 11 eV, when water clusters begin to ionize, there is proton transfer and the formation of pure protonated water clusters, arising from fragmentation of larger water clusters in the molecular beam. This is evidenced in figure 5B, for photoionization at 12.5 eV, where in addition to the monomer anthracene peak, a series of water clusters can be discerned up to n= 19. The inset which expands m/z 53-57, shows the spectra in green for the protonated water trimer H+(H2O)3 at m/z 55 and no evidence for the non-protonated trimer at m/z 54. Also shown is the expanded mass spectra in red for anthracene with two water molecules (214 amu), and m/z 215. At this particular photon energy of 12.5 eV, there is some contribution to m/z 215 from proton transfer from water to anthracene, similar to what was observed for naphthalene water clusters.[9] The rate of proton transfer to anthracene from water is much less than that observed for naphthalene water, suggesting that ring size could play a role in the transfer dynamics; we aim to decipher the role of the PAH size by performing sereis of experinet and calculations of PAH of different sizes.
[image: ]Figure 6: Photoionization efficiency curves and appearance energy determinations of anthracene-water clusters. The intensity of anthracene monomers and dimers is divided by 20 and 9, respectively, in order to display it on the same scale as that of the anthracene.

Figure 6 show the photoionization efficiency (PIE) curves for anthracene and anthracene dimers, respectively, clustered with water. While the anthracene monomer exhibits a structured curve, a less structured curve is observed in the dimer case. The addition of one water molecule to anthracene leads to a dramatic change in the shape, the peaks tend to shift and broaden out, and this trend continues with the addition of a second water molecule. Adding additional water molecules causes the curves to resemble each other, with no discernable structure. In Figure 6 (right panel), we see that upon dimerization, the structure also tends to smooth out, compared with the monomer, and that the addition of water leads to almost similarly shaped PIEs. This loss of structure, or smoothing, indicates the presence of several isomers in the beam. We studied the structure of these clusters using density functional theory both as neutrals and upon subsequent photoionization. Our results demonstrate that the energetic tendency of the water clusters is to remain clustered together. In addition to the hydrogen bonds between the water molecules, hydrogen bonds also form with the aromatic ring, which dictates the stability of the different isomers. Ionization of the anthracene leads to structural changes in the water clusters. Theoretically it is revealed that water confinement inside two anthracenes is not energetically preferred in the case of one to three water molecules, similar to previous results on water confinement within two naphthalene units. However, unlike the naphthalene case, four water clusters can be confined between two anthracenes when they are in cross configuration due to an additional stabilizing OH interaction and will be targeted for interrogation (this proposal) as described below.
Infrared (IR) spectroscopy coupled with VUV photoionization mass spectrometry
Beyond single photon ionization mass spectrometry, we now propose to introduce Infrared (IR) spectroscopy coupled with VUV photoionization mass spectrometry to elucidate the structure and dynamics of PAH water clusters. For pure water clusters, and mixed water clusters, this has been the method of choice for structural elucidation.[49-51] From the previous results it becomes clear that the structure of PAH water clusters is determined by subtle non-covalent interactions. Therefore, a detailed and accurate description of the potential energy surface is of great importance for predicting cluster structures and characteristics. IR spectroscopy is a particularly well-suited technique to study the potential energy surface of such ground-state molecular systems. The frequency of the infrared transitions, or position of the vibrational energy levels, are a direct result of the shape of the potential energy surface and hence their structure. 
A suitable example of the subtlety of non-covalent interactions at play is given by Bauschlicher and Ricca.[52] They show theoretically how the addition of an argon atom, that is frequently used as non-perturbative tag in messenger spectroscopy, stabilizes certain geometries more than others. In the same study, they bring forward how the non-covalent interactions affect the IR spectra of PAH dimers and how they can be used to determine geometries, which was experimentally utilized later to determine the naphthalene dimer geometry [53]. More IR spectroscopic studies have been conducted on small, one- or two ring aromatics: benzene[54-56] and naphthalene [57-63]. Only a few studies have been carried out that involved larger gas-phase aromatic molecules using microwave spectroscopy [64, 65]. In general, it was established that the interactions within the water network are more important than the interactions between water and aromatic substrate; however, different structures found in the studies on [image: ]naphthalene-water illustrate that some ambiguity still exist on the geometry. Figure 7: infrared spectrum showing the approximate frequency of characteristic modes of PAHs and water clusters.

Most of the vibrational spectra have been focused on the XH stretch region, as this IR region has been most easily accessible in laboratories. Nevertheless, this paragraph illustrates how in principle all regions of the IR spectrum where PAHs absorb can be used to investigate geometries and intermolecular interactions. Figure 7 displays the IR spectral regions with characteristic IR active modes for PAHs and water (clusters). The XH-stretch region can be used to probe the CH-π and OH-π interactions; the CH out-of-plane has been shown to be diagnostic for structure elucidation as described above.[52] Lastly, the far-IR excites water libration modes and could in theory, be used to investigate the intermolecular potential of the PAH and water subunits directly since the intermolecular modes are located in the far-IR. 
[image: ]Prior experimental work using VUV+IR photoionization spectroscopy has been performed with low repetition rate lasers to tie in with the method of cluster generation. In our case, we generate our clusters in a continuous expansion, which works well with the quasi-continuous mode of ionization from the synchrotron. Previously we have demonstrated that we can use a home-made high repetition rate IR-OPO with VUV ionization at the synchrotron [66]. Here we will extend these ideas to a new ultrafast laser setup that has been acquired in our group. The center piece of the instrumentation is a 60 W, 270 fs @750 KHz Coherent Monaco laser system. 21 W of the fundamental light (1035 nm) will be used to generate [image: ]115 nm (10.78 eV) photons by frequency upconversion using BBO crystals and a gas cell [67]. The residual 39 W is used to pump an Opera-HP optical parametric amplifier (OPA) with frequency mixing capabilities which will generate tunable femtosecond pulses from 300 nm to 16 microns (see figure 8). Using a combination of these photons, three types of spectroscopic schemes can be envisioned as shown in figure 9: ion gain, ion loss, and hole burn. These schemes become useful since ionization of water clusters becomes accessible as 10.8 eV. For the clusters which have an ionization energy above 10.8 eV,[68] the IR+VUV scheme of ion gain can be utilized to record a spectrum, and in most cases the hole burn scheme can be employed. PAH's will always have an ionization energy below 10.8 eV so it would be facile to track their spectroscopy with water. By delaying the pulses between the IR and VUV photon, one can also track the ultrafast photoionization dynamics in the system.Figure 8: left 750 KHz ultrafast laser system. Right: scanning range and power of the ultrafast OPA. SH: second harmonic, SIG: signal, IDL: Idler, DFP and DFM: Difference frequency mixing 1 and 2.

Figure 9: Different schemes to be utilized to perform photoionization and spectroscopy using IR+VUV photons.


Work Plan
As explained above, we plan to study dimers of various PAHs: specifically dimers of pentacene, hexacene, coronenes, anthanthrenes, fluorenes and phenanthrenes. The variety of the different structures, together with our preliminary results (on naphthalene and anthracene), will enable the identification of trends and, specifically, the role of the PAH size and structure (we thus study linear acene and non-linear PAHs). We will study different isomers of the PAHs dimers with water which can stayed cluster together or move around or inside the PAH dimers. We will explore structural and dynamical trends of the different isomers computationaly and experimentally as detailed below.
First year-project 1:  We will study the dimerization processes of the abovementioned PAHs. Computationaly, we will calculate the barrier for forming the bonded structures and study the effect of PAH's size and shape on the dimerization process.  In addition to the energetic contribution, we will calculate Gibss free energy to evaluate the bonded structure formation at different temperatures. Experimentally we will generate these dimers in a molecular beam environment, and use novel thermal schemes within the jet expansion conditions to trap these bonded dimers. VUV photoionization mass spectrometry at the synchrotron will be used to optimize the conditions of dimer formation.
Second year-project 2: Study of mixed PAHs water clusters. Here we aim to study how the temperature affect the trends in the stability of the structures and  the affect of the identity of the PAH  on those trends. On the computational side,  we will calculate energetic, enthalpic and entropic contribution and calculate Gibbs free energy at different temperatures. To have a complete picture, we will perform the calculations on the dimer of anthracene and naphthalene with water clusters, for which only values of the energies are available. Experimentally, the PAH dimers will be entrained with water to generate mixed PAH-water clusters and studied by synchrotron based photoionization mass spectrometry. IR+VUV spectrometry experiments will be performed to identify structural details of both dimers and their clustering properties with water.
Third year-project 3: This project will focus on the mixed cationic clusters. Computational efforts will start with the ground state where the positive charge is on the PAHs. Here, we will also predict the energetic, enthalpic and entropic trends and calculate Gibbs free energies at different temperatures. If the bonded structure is concluded to form, cationic calculations with these structures will also be calculated. Experimental efforts will be directed towards generating larger sized PAH dimers and their clusters with water and interrogating their structure with IR+VUV spectroscopy. We will identify cases for interrogation for time resolved studies.
Fourth year-project 4: To complete the study on the ionized systems we will continue the computational effort by calculating the systems where the charge is on the water moiety. In the case of higher UV energies and Ionization of the water part, the formation of different products is possible, to explore this we will perform AIMD simulations on the excited electronic state to predict different products. In the final year of the project, ultrafast time resolved experiments will be used to identify transients and intermediates which form upon ionization of the neutral complexes.
	
	Computational part – HUJI
	Experimental part -LBNL

	Year 1
	Calculation of different dimers structures and variers for their formation. The restuls will be benchmark against MP2 and CCSD calculations as well available experimental data.
	Generate dimers in molecular beams and use novel thermal schemes to trap these bonded dimers. VUV photoionization mass spectrometry will be used to optimize the conditions of dimer formation.

	Year 2
	Study of the neutral systems of various isomers: exploring stability trends by studying energetic, enthalpic and entropic effects. Calculations of Gibbs free energy at various temperatures.
	The PAH dimers will be entrained with water to generate mixed PAH-water clusters and studied by photoionization mass spectrometry. IR+VUV spectrometry experiments will be performed to identify structural details of both dimers and their clustering properties with water.


	Year 3
	Study of ionized systems where the PAH is ionized: exploring stability trends by studying energetic, enthalpic and entropic effects. Calculations of Gibbs free energy at various temperatures.
	Experimental efforts will be directed towards generating larger sized PAH dimers and their clusters with water and interrogating their structure with IR+VUV spectroscopy. We will identify cases for interrogation for time resolved studies


	Year 4
	Study of ionized systems where the water clusters are ionized: AIMD simulation to predict formation of different products.
	Utrafast time resolved experiments will be used to identify transients and intermediates which form upon ionization of the neutral complexes.



Risk analysis
Our approach have been demonstrated to be succesful for the study of mixed PAHs water clusters systems. [8, 9, 29] Computational challenges may arise for correctly describing the energetic oreder of the bonded PAH structures with respect to the non-bonded van der Waals structures. The functional of choice have been verified to correctly descrive the ordering for the athracene dimer system, however, one should be cautious when studying different PAH systems. We will thus banchmark the dimer systems of all systems under study in this proposal at the first year, and if needed higher rung  functionals will be used. Extensive benchmark will also benefit the entire community as these systems are widely studied in a variety of fields. Experimental challenges may arise from generating sufficient concentrations of dimers available for mass spectrometry. Judicious combination of source conditions and thermal vaporization will be employed to mitigate for this. The mass spectrometry approach is robust and well tested over two decades of experiment as are the IR+VUV spectroscopy technique. While we do not anticipate any problems over the course of 4 years, alternative mass spectrometers and laser systems are available.
Available resources
Tamar Stein's lab is part of the Fritz Haber Center for Molecular Dynamics at the Hebrew University of Jerusalem. The lab contains high-performing computing clusters (HPC) with 16 nodes (36 cores each) with two threads per core using intel processors and 20 nodes with 64 cores with two threads per core using AMD processors. Each node contains 512 G RAM. The Fritz Haber center provides partial system maintenance in addition to different services, including power supply, air cooling, and communications. However, each PI at the center is responsible for the purchase of his computer cluster to be used by his group members according to research needs. Stein's current research group includes seven students: two postdoctoral researchers, one M.Sc. student and four undergraduate students.
Ahmed is a senior scientist in the Chemical Sciences Division at Lawrence Berkeley National Laboratory. Ahmed has access to synchrotron radiation at the chemical dynamics beamline at the Advanced Light Source (ALS) through participating team arrangements. Ahmed has over 28 years’ experience and expertise in developing novel experiments using this beamline. Ahmed’s equipment portfolio at the beamline includes three custom build molecular and nanoparticle beam spectrometers with reflectron mass spectrometry and velocity map imaging capabilities. Numerous turbo-molecular and roughing pumps, electronics, and detectors are available for novel configuration of mass and optical spectrometers and vacuum apparatus. The Ahmed laser laboratory located at the ALS, has the following lasers in operation – a femtosecond Coherent Monaco system for VUV generation and tunable OPA pumping (300 nm-10 µm), a Menlo system ultrafast THz time domain spectrometer, a Thorlabs  broadband IR laser (2000-7700 cm-1), three Raman laser systems and a host of optics, detectors, and lock-in amplifiers to make detailed measurements.  A machine shop and an electronics lab are readily available to make custom designed parts. The Ahmed group is composed of 3-4 postdoctoral fellows, and research affiliates drawn from UC Berkeley undergraduates and visiting graduate students/postdocs available through various collaborations.
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