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Abstract  

The International Axion Observatory (IAXO) was first proposed in 2011[1]-[5]. With 
this proposal our LDRD team, founding member of IAXO has been able to play a leading 
role in the IAXO experiment. We have participated in technical, scientific and 
organizational IAXO meetings to shape the future of the experiment.  We accomplished 
the layout of the first-ever full-revolution telescope for solar axion searches[6]-[10] and 
expanded the science reach of IAXO from standard axion searches to new and potentially 
more exotic opportunities, such as other dark matter candidates, hidden sector particles or 
dark energy searches [11]-[20]. We also fulfilled the analysis of axion science data 
previously collected with the LLNL IAXO pathfinder x-ray telescope (XRT) [21] at the 
European Organization for Nuclear Research particle physics (CERN) located near 
Geneva, Switzerland, by means of the CERN Axion Solar Experiment (CAST). Moreover, 
LDRD PI Dr. Julia K. Vogel has officially been elected as Deputy Spokesperson of IAXO.  

 
Background and Research Objec t ives 

The discovery of the Higgs boson—an elementary 
particle theorized to be the building block of the 
universe—at the Large Hadron Collider (LHC) at 
CERN, experimentally confirms the widely successful 
Standard Model of particle physics. However, the 
theory still falls short of explaining several 
fundamental features of our universe.  

A major shortcoming is the Standard Model’s 
silence on the nature of dark matter, which is a crucial 
component of the universe, yet its constituents are 
unknown. Axions are a leading dark matter candidate, 
but experiments have yet to confirm or refute the 
existence of these elusive particles.  Lawrence 
Livermore National Laboratory has played an 
important role in two complementary efforts to search 
for this particle: (1) the Axion Dark Matter Experiment 
at the University of Washington studying halo axions 
with masses of micro- to milli- electron volts [22]- 

[24]; and (2) the CERN Axion Solar Telescope (CAST) striving to detect solar axions of 
up to 1 eV [25]-[31] (see Figure 1 for a plot of the axion parameter space of mass versus 
coupling constant).   
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Figure 25: Expected sensitivity of IAXO as explained in the text, compared with current bounds from
CAST and ADMX. Also future prospects of ADMX (dashed brown region) and ALPS-II [192] (light
blue line) are shown. For the sake of clarity we have removed labels from other bounds or regions. We
refer to figure 1 for those.

of high cosmological interest. As explained in previous sections, they are favored dark matter candidates
and could compose all or part of the cold dark matter of the Universe. In non-standard cosmological
scenarios, or in more generic ALP frameworks [46], the range of ALP parameters of interest as DM is
enlarged and most of the region at reach by IAXO contains possible dark matter candidates. At the higher
part of the range (0.1 - 1 eV) axions are good candidates to the hot DM or additional dark radiation that
is recently invoked to solve tension in cosmological parameters. At much lower masses, below ⇠ 10

�7

eV, the region attainable by IAXO includes ALP parameters invoked repeatedly to explain anomalies in
light propagation over astronomical distances. IAXO could provide a definitive test of this hypothesis.

5.2 Axion-electron coupling

Axions with an axion-electron coupling gae ⇠ O(10

�13

) have been invoked to solve the anomalous
cooling observed in white dwarfs as was explained in section 2.4 and could affect the dynamics of
further stars: neutron star cooling, SN explosions, etc. IAXO is sensitive to non-hadronic axions with a
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Figure 1. Expected sensitivity of IAXO as 
explained in [1]-[3], compared with current 
bounds from CAST and ADMX. Also future 
prospects of ADMX (dashed brown region) are 
shown. Note that the yellow band indicates the 
theoretical QCD-axion region and all 
parameter space below the dashed red line is 
viable axion/ALP DM parameter space. IAXO 
will therefore test large, theoretically well-
motivated, yet uncharted axion territory.   



 
We envisioned this LDR project with two main: 

i) Designs the first-ever full-revolution telescope for solar axion searches to be 
used for the IAXO experiment and prototype these novel optics with IAXO 
partners. 

ii) Expand the science reach of IAXO from standard axion searches to new and 
potentially more exotic opportunities, such as other dark matter candidates, 
hidden sector particles or dark energy searches 

This project was also conceived to lead the scientific analysis of the Laboratory's 
IAXO pathfinder optic installed on the CAST, with the goal of either detecting axions or 
axion-like particles or placing new stringent limits on their existence. Lessons learned 
from the analysis of the pathfinder optic have been used to design and model the first full 
IAXO telescope.  
 
Scient i f i c  Approach and Accomplishments  

This project has enabled us to layout the first-
ever full revolution telescope specifically designed 
for axion research and cutting-edge dark matter 
science, while establishing the Laboratory’s 
leadership role in IAXO.  
 

In FY17 we established the conceptual design 
of the first-ever, full-revolution optics purposely 
designed for axion research. More specifically, we 
(1) determined the best geometric layout for the 
telescope including lessons learned from the IAXO 
pathfinder optic, (2) studied various multilayer 
materials to optimize the performance of the IAXO 
optics in the x-ray energy range of interest, and (3) 
strengthened our leadership role in the observatory 
as the x-ray optics lead institution through strong 
contributions and representation at all relevant IAXO meetings. A major milestone 
achieved during FY17 was the completion and publication of the pathfinder data analysis 
with which CAST was able to establish the most restringing limit on axion-to-photon 
coupling for solar axions [32]. Our LDRD team received LLNL’s PLS award for best 
publication. During FY18, we (1) refined the multilayer prescription of the mirrors based 
on the FY17 results of the analysis for prototype calibration; (2) studied potential 
hardware limitations for building a 50-to-70 centimeter diameter optic; and (3) replaced 
the initially planned proof-of-concept phase for IAXO with a Phase I stage (‘BabyIAXO’) 
[33] consisting of a fully operational magnet pathfinder together with two optic/detector 
lines with the advantage of enabling relevant axion science early on while demonstrating 
technology readiness. Throughout FY19 we (1) completed the design for the full-
revolution optics and include requirements for an implementation of the optic in the 
BabyIAXO; (2) finalized the multilayer prescription of the mirrors based on the FY17 and 
FY18 results of the analysis for the prototype calibration; (3) continued to extend and 

Figure 2. Photograph of the optic, located within the 
dashed box. At this point during construction, the optic 
had 4 nested layers integrated into the mandrel and 
support structure. The rest of the equipment is the 
precision lathe in which individual mirror segments are 
assembled into the telescope. 



strengthen our leadership role in IAXO as the x-ray optics lead institution through our 
contributions and representation at all relevant IAXO meetings. Over the course of this 
LDRD we efficiently disseminated new results at relevant conferences and published 
refereed papers. Furthermore, the physics potential of the IAXO/BabyIAXO experiment 
has been extensively explained in [34] and we have been able to extend the actual search 
of CAST to more exotic particles [35] and [36]. 

 
IAXO is the key piece to the next generation of solar axion searches. The 

Laboratory’s active role in both axion research and x-ray optics technology gives us a 
unique opportunity to leverage its deep expertise in astrophysical instrumentation and 
particle physics to position LLNL for participation in next-generation astrophysical and 
particle physics experiments. 
 
Impact  on Miss ion  

Participation in space science is an important element in LLNL's cyber security, space, 
and intelligence strategic focus area. Next-generation capabilities for space security 
requires a trained workforce with demonstrated excellence in designing, fabricating, and 
performing science with advanced instrumentation. Our work with a Livermore-built x-
ray telescope and the design of a next-generation optic for axion dark matter searches 
using space science technology has establish and strengthen the Laboratory's 
preeminence in particle astrophysics, dark matter research, x-ray optics, and 
instrumentation technology. The development of advanced x-ray optics supports DOE 
goals in science and energy and nuclear security with advances in diagnostics for laser-
fusion facilities and for nuclear nonproliferation. 

 
Conclusion  

IAXO is to be built at the Deutsches Elektronen-Synchrotron (DESY). Our LDRD team 
helped securing initial funding from the European Research Council and the experiment 
is already part of the budgeting tables at DESY. LLNL Research Scientist and PI of this 
LDRD project, Dr. Julia K. Vogel has officially been elected as Deputy Spokesperson of 
IAXO. Her leadership role and vision of IAXO has position her and LLNL in a privilege 
situation within the IAXO.  

We foresee that the natural path forward after the completion of this LDRD cycle 
requires the continuation of LLNL’s activities within the IAXO collaboration. Phase I 
stage of IAXO is well define and BabyIAXO is expected to be operational by FY23 at 
DESY, Hamburg, Germany. At present, the members of our LDRD team lead the x-ray 
optics effort of the IAXO collaboration. We are extremely well position to coordinate and 
manage the construction and characterization of the first full-revolution x-ray optics for 
axion searches in BabyIAXO. We thrive to secure the required funds for the completion 
of that key item of the experiment.     
 
References    
[1] I. G. Irastorza et al. “Towards a new generation axion helioscope,” JCAP 1106, 013 

(2011). 



[2] I. G. Irastorza et al. (IAXO collaboration) “The International Axion Observatory 
IAXO, Letter of Intent to the CERN SPS committee”, CERN-SPSC-2013-022, 
[https://cds.cern.ch/record/1567109] (2013). 

[3] E. Armengaud et al. (IAXO collaboration) “Conceptual Design of the International 
Axion Observatory (IAXO),” JINST 9, T05002 (2014). 

[4] J. K. Vogel et al., “IAXO – The International Axion Observatory”, Proceedings of the 
8th Patras Workshop on Axions, WIMPs and WISPs, Chicago, IL, USA, DESY-
PROC-2012-04 (2012). 

[5]  J. K. Vogel et al., ‘’The Next Generation of Axion Helioscopes: The International 
Axion Observatory (IAXO), Physics Procedia 61, 193 (2015). 

[6] S. Weinberg, “The U(1)A Problem,” Phys. Rev. D. 11, 3583 (1975). 
[7] R. D. Peccei, H. R. Quinn. “CP Conservation In The Presence Of Pseudoparticles,” 

Phys. Rev. Lett. 38, 1440 (1977). 
[8] S. Weinberg, “A New Light Boson?,” Phys. Rev. Lett. 40, 223 (1978).   

F. Wilczek, “Problem Of Strong P And T Invariance In The Presence Of Instantons,” 
Phys. Rev. Lett. 40, 279 (1978).  

[9] P. Sikivie. “Experimental Tests of the ‘invisible’ Axion,” Phys. Rev. Lett. 51, 1415 
(1983) [Erratum ibid., 52, 695 (1984)]. 

[10] K van Bibber, PM McIntyre, DE Morris, and GG Raffelt. “Design for a Practical 
Laboratory Detector for Solar Axions,” Phys. Rev. D. 39, 2089 (1989). 

[11] Rouven Essig et al. “Dark Sector and New, Light, Weakly-Coupled Particles,” Report 
of the Community Summer Study 2013 (Snowmass), Intensity Frontier, (2013), 
[arXiv:hep-ph/1311.0029]. 

[12] A. Kusenko, L. J. Rosenberg, “Snowmass-2013 Cosmic Frontier (CF3) Working 
Group Summary: Non-WIMP dark matter,” Report of the Community Summer Study 
2013 (Snowmass), Cosmic Frontier, (2013), [arXiv:hep-ph/1310.8642] 

[13] L. Okun, “Limits Of Electrodynamics: Paraphotons?,” Sov.Phys.JETP 56 502 (1982). 
[14] B. Holdom, “Two U(1)’s and Epsilon Charge Shifts,” Phys.Lett. B 166 196 (1986). 
[15] S. Davidson and M. E. Peskin, “Astrophysical bounds on millicharged particles in 

models with a paraphoton,” Phys. Rev. D 49 2114–2117 (1994).  
[16] P. Brax and K. Zioutas, “Solar Chameleons,” Phys. Rev. D 82 043007(2010).  
[17] M. Schwarz et. al., “Solar Hidden Photon Search,” [arXiv:1111.5797] (2011).  
[18] S. N. Gninenko and J. Redondo, “On search for eV hidden sector photons in Super-

Kamiokande and CAST experiments,” Phys.Lett. B 664 180 (2008).     
[19] P. Brax, A. Lindner, and K. Zioutas, “Detection prospects for solar and terrestrial 

chameleons,” Phys.Rev. D 85 043014 (2012).    
[20] K. Baker, A. Lindner, A. Upadhye, and K. Zioutas, “A chameleon helioscope,” 

[arXiv:1201.0079] (2012).    
[21] F. Aznar et al. “A Micromegas-based low-background x-ray detector coupled to a 

slumped-glass telescope for axion search”, JCAP 12 (2015) 008. 
[22] S. J. Asztalos et al.,” Improved rf cavity search for halo axions,” Phys. Rev. D 69, 

011101 (2004). 
[23] L. D. Duffy et al., “Results of a Search for Cold Flows of Dark Matter Axions,” Phys. 

Rev. Lett. 95, 091304 (2005). 



[24] G. Carosi, A. Friedland, M. Giannotti, M. J. Pivovaroff, J. Ruz, J. K. Vogel ”Probing 
the axion-photon coupling: phenomenological and experimental perspectives,” 
Whitepaper Snowmass process 2013, LA-UR-13-27392, (2013), [arXiv:hep-
ph/1309.7035].  

[25] K. Zioutas et al. (CAST Collaboration), “First results from the CERN Axion Solar 
Telescope (CAST),” Phys. Rev. Lett. 94, 121301 (2005). 

[26] S. Andriamonje et al. (CAST Collaboration),”An improved limit on the axion-photon 
coupling from the CAST experiment,” JCAP 0704, 010 (2007). 

[27] E Arik et al. (CAST Collaboration). “Probing eV-scale axions with CAST,” JCAP 02, 
008, 2009. 

[28] M Arik et al. (CAST Collaboration). “Search for Sub-eV Mass Solar Axions by the 
CERN Axion Solar Telescope with 3He Buffer Gas,” Phys. Rev. Lett. 107, 261302 
(2011). 

[29] M. Arik et al. “CAST solar axion search with 3He buffer gas: Closing the hot matter 
gap,” PRL 112, 091302 (2014). 

[30] K. Barth et al., “CAST constraints on the axion-electron coupling,” JCAP 1305, 010, 
(2013).  

[31] M. Arik et al. (CAST Collaboration) “New solar axion search in CAST with 4-He 
filling”, Phys. Rev. D 92, 021101 (2015). 

[32] V. Anastassopoulus et al., “New CAST Limit on the Axion-Photon interaction”, 
Nature Phys. 13 (2017) 584-590. 

[33] J. Ruz et al., “Next Generation Search for Axion and ALP Dark Matter with the 
International Axion Observatory,” DOI: 10.1109/NSSMIC.2018.8824640. 

[34] V. Anastassopoulus at al., “Improved Search for Solar Chameleons with a GridPix 
Detector at CAST,” JCAP 1901 (2019) 032. 

[35] S. Arguedas et al., “First Results on the Search for Chameleons with the KWISP 
Detector at CAST,” Phys. Dark Univ. 26 (2019) 100367. 

[36] E. Armengaud et al., “Physics Potential of the International Axion Observatory 
(IAXO),” JCAP 1906 (2019) 047. 

 
Publi cat ions and Presentat ions 
Journals: 
- LLNL-JRNL-788468 First Results on the Search for Chameleons with the KWISP 

Detector at CAST 
- LLNL-JRNL-772500 Physics Potential of the International Axion Observatory 

(IAXO) 
- LLNL-JRNL-755191 Improved Search for Solar Chameleons with a GridPix 

Detector at CAST 
- LLNL-JRNL-727500 CAST solar axion search achieves forefront sensitivity  
- LLNL-PROC-764331 Next Generation Search for Axion and ALP DarkMatter with 

the International Axion Observatory 
- LLNL-PROC-709579 IAXO, next generation of helioscopes 
 
Presentations: 
- LLNL-PRES-793012  X-ray optics overview for BabyIAXO 
- LLNL-PRES-789255  Update on BabyIAXO to search for solar axions 
- LLNL-POST-782737 Focusing on Axions and ALPs with the New Optics for the 



International Axion Observatory (IAXO) and BabyIAXO 
- LLNL-PROP-782017 Experiment Proposal to DESY PRC BabyIAXO: the first 

stage of the International Axion Observatory (IAXO) 
- LLNL-PRES-771227 BabyIAXO movement requirements for optics 
- LLNL-PRES-769938 (B)IAXO optics status overview 
- LLNL-MI-760671 Letter of Intent to DESY PRCB 
- LLNL-PRES-760509 Next Generation Search for Axion and ALP Dark Matter 

with the International Axion Observatory 
- LLNL-PRES-758435 IAXO Optics Development in the US 
- LLNL-PRES-752985 A Fresh look at Solar Axions & ALPS using the Nuclear 

Spectroscopy Telescope Array (NuSTAR) 
 
 
 
 
 
 
 
 
 

 

 


