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Does nuclear energy produce neodymium? Negative perception of nuclear energy drives the assumption that it is polluting

The public tends to exaggerate the dangers of nuclear energy, mistakenly associating it with various environmental problems such as ozone depletion and the production of CO2. First, we investigate the acquisition of misconceptions about nuclear energy. In Experiments 1 (N = 198, UK) and 2 (N = 204, France) participants were more likely to develop new negative misconceptions about nuclear energy, compared to renewables or even some fossil fuels.

Public Significance Statement

We show that people are more likely to develop novel negative misconceptions about nuclear energy than about other energy sources. However, one of the most salient of these misconceptions--that nuclear energy emits large amounts of CO2-can be corrected, which then mitigates the perception that nuclear energy contributes to climate change.

Participants were also more likely to attribute the emission of hazardous substances produced by renewables to nuclear energy than to the energy sources actually emitting it. This suggests that specific misconceptions about nuclear energy are likely the byproducts of negative perceptions of nuclear energy. Second, we ask whether correcting specific misconceptions leads to less negative attitudes about nuclear energy. In Experiments 3 (N = 296, UK) and 4 (N = 305, France), participants were exposed to pro-nuclear energy arguments, one of which informed them of its low CO2 emissions. This argument led to a decrease in the perception that nuclear energy contributes to climate change. Thus, even if specific misconceptions about nuclear energy derive from overall negative perceptions, addressing these misconceptions can still help align public opinion with expert opinion.

Introduction

On the topic of nuclear energy, there are systematic divergences between public and expert opinion, also known as consensus gaps (see, [START_REF] Cook | Scientists are from Mars, laypeople are from Venus: An evidence-based rationale for communicating the consensus on climate[END_REF]. Experts-but not the public-agree that nuclear energy has no negative health consequences during normal operation, and that rare incidents such as the Chernobyl disaster only caused a relatively low number of casualties [START_REF] Boice | Cancer incidence in municipalities near two former nuclear materials processing facilities in Pennsylvania[END_REF][START_REF] Sermage-Faure | Childhood leukemia around French nuclear power plants The Geocap study, 2002-2007[END_REF]UNSCEAR, 2017). The public also largely fails to grasp the potential of nuclear energy for mitigating climate change.

For instance, people across the world believe that nuclear energy emits significant amounts of CO2 [START_REF] Ipsos | Observatoire COP 2020, Mobilisation, inquiétude ou indifférence des citoyens de 30 pays envers le changement climatique[END_REF][START_REF] Bva Orano | Les Français et le nucléaire[END_REF] despite the fact that the CO2 emission of nuclear energy are actually very low, and that this fact is not even contentious [START_REF] Kharecha | Prevented mortality and greenhouse gas emissions from historical and projected nuclear power[END_REF][START_REF] Myhrvold | Greenhouse gases, climate change and the transition from coal to low-carbon electricity[END_REF]. Other studies have found that nuclear waste was mistakenly associated with the depletion of the ozone layer [START_REF] Pekel | High School Students' and Science Teachers' Philosophical Views on Science[END_REF]. These misconceptions, in which nuclear energy is mistakenly perceived as damaging to the environment in specific ways, might be problematic, as they could lead people to overlook a potentially valuable tool in the fight against climate change [START_REF] Allen | Global warming of 1.5° C. An IPCC Special Report on the impacts of global warming of 1.5° C above pre-industrial levels and related global greenhouse gas emission pathways[END_REF].

The goal of this paper is twofold. First, we attempt to understand why people believe that nuclear energy emits pollutants it does not actually emit (or does not emit in significant amounts). More specifically, we measure the acquisition of misperceptions about nuclear energy, testing whether participants are more likely to develop new negative misperceptions of nuclear energy than of renewable energy sources (e.g. that they emit a harmful made-up substance). We reasoned that this effect would be driven by negative prior beliefs about nuclear energy. Second, we study the consequences of the belief that nuclear energy emits CO2 in particular: can correcting this misbelief lead to a more positive perception of nuclear energy, and of its potential role in fighting climate change?

We now briefly review the literature on the consensus gaps regarding nuclear energy, before introducing the experiments.

Consensus gaps on nuclear energy

As mentioned above, experts agree that nuclear power has no negative health consequences during normal operation. The estimate for the deaths linked to the (rare) nuclear incidents are more disputed, but they are close to zero for all but one incident (Chernobyl) [START_REF] Boice | Cancer incidence in municipalities near two former nuclear materials processing facilities in Pennsylvania[END_REF][START_REF] Sermage-Faure | Childhood leukemia around French nuclear power plants The Geocap study, 2002-2007[END_REF]UNSCEAR, 2017). Besides the clear consensus on the fact that nuclear power emits very low levels of CO2 (comparable to those of renewable energies), there is a broad agreement that it should be part of the solution to fight climate change [START_REF] Budnitz | Nuclear power: Status report and future prospects[END_REF][START_REF] Cameron | The 2050 roadmap for nuclear: Making a global difference[END_REF]Nuclear Energy Institute, 2019;OECD, 2012).

Public opinion, however, diverges from this scientific consensus. This divergence bears both on general opinion and on specific beliefs. At a broad level, a 2005 poll conducted in 18 countries showed that the risks of nuclear power as an energy source were judged by a majority of respondents to outweigh its advantages, while only one third thought that the advantages outweigh the risks [START_REF] Globescan | Global Public Opinion on Nuclear Issues and the IAEA: Final Report from 18 Countries[END_REF]. In 2014, nearly twice as many people in Europe opposed rather than supported the use of nuclear energy in their country (Eurobarometer, 2014).

Moreover, and contrary to expert opinion, a positive attitude toward climate change mitigation is associated with a more negative attitude toward nuclear power (Vainio, 2017).

The consensus gap is even clearer on specific points. On the dangers of nuclear accidents, a recent study showed that participants in the UK overestimated the deaths due to radiation after the Fukushima Daiichi incident by a factor of 1000 [START_REF] Hacquin | Fear of contamination and public opinion on nuclear energy[END_REF][START_REF] Rozin | Technological stigma. In Risk, media and stigma: understanding public challenges to modern science and technology[END_REF]. Another study found that a majority of Turkish high school students believed radioactive waste from nuclear power to be an ozone depletion factor [START_REF] Pekel | High School Students' and Science Teachers' Philosophical Views on Science[END_REF]. A 2019 international survey showed that, on average across 30 countries, 26% of participants believed that nuclear energy emitted a lot of CO2, 27% believed that it emitted a significant amount, while only 37% believed it emitted little or no CO2 at all (which can both be considered appropriate answers) [START_REF] Ipsos | Observatoire COP 2020, Mobilisation, inquiétude ou indifférence des citoyens de 30 pays envers le changement climatique[END_REF]. Even in the countries with the most accurate answers, nearly a third of participants overestimated the production of CO2 by nuclear energy. In France and in the UK, where the current experiments took place, respectively 50% and 40% of the participants considered that nuclear energy emits a significant amount of CO2 (see also, [START_REF] Bva Orano | Les Français et le nucléaire[END_REF].

What is the source of these consensus gaps? One possibility is that people develop specific misconceptions, and that these misconceptions lead to more general negative opinions towards nuclear energy. For instance, people could glean in different places the belief that nuclear energy emits large amounts of CO2, which would lead to a general dislike of this energy source, in particular of its role in fighting climate change. A second possibility is that people develop a generally negative view of nuclear energy (for a variety of reasons, a point we expand on in the conclusion), and that this broadly negative view, in the absence of existing specific beliefs to the contrary, leads them to assume the worst about nuclear energy. For example, people might not know how much CO2 nuclear energy emits but, because they have a broadly negative view of nuclear energy, and they know emitting CO2 is bad for the environment, they assume nuclear energy emits large quantities of CO2.

In favor of the first possibility-that specific misconceptions drive a general dislike of nuclear energy-is the presence, in some media, of these misconceptions. For example, in 2018 Greenpeace France published a ranking of energy sources according to their CO2 emission, in which nuclear energy was ranked as a significant emitter of CO2, above energy sources such as solar (when in fact it emits equal or less CO2 than solar energy, see ADEME 2022; NREL 2022). This ranking was widely covered by the French media (such as 20 minutes, Le Figaro, or Le Monde). However, such examples of specific misconceptions in mainstream media remain relatively rare.

In the first part of this article, we test the second hypothesis, that general negative perceptions of nuclear energy drive the acquisition of negative misconceptions about nuclear energy. A wide range of theoretical frameworks on the role of beliefs to justify pre-existing attitudes support this hypothesis. Previous work in cognitive science has shown that people engage in motivated reasoning, by generating reasons-including new beliefs-to justify pre-existing conclusions [START_REF] Haidt | The emotional dog and its rational tail: A social intuitionist approach to moral judgment[END_REF][START_REF] Kunda | The case for motivated reasoning[END_REF][START_REF] Mercier | Why do humans reason? Arguments for an argumentative theory[END_REF]. In the domain of political science, motivated reasoning is used to explain why political misperceptions tend to be largely politically congruent, in the sense that people acquire and hold misconceptions that fit with their broad political views [START_REF] Flynn | The nature and origins of misperceptions: Understanding false and unsupported beliefs about politics[END_REF]. Similarly, pre-existing political identities are theorized to drive the acquisition of specific belief that allow people to justify and reinforce their identities [START_REF] Williams | The marketplace of rationalizations[END_REF]. One way to study the acquisition of new misconceptions is to use misconceptions that are unlikely to predate the experiment, or that we completely make up, and measure how willing participants with various pre-existing attitudes and beliefs are to believe such misconceptions. Similar studies have found that people's pre-existing attitudes drive the acquisition of congenial (made-up) misconceptions [START_REF] Oliver | Conspiracy theories and the paranoid style (s) of mass opinion[END_REF].

Our first goal here is twofold: (i) to test whether people are more likely to develop negative misconceptions about nuclear energy than other energy sources viewed more favorably by the public (e.g. renewables), and (ii) to test whether people are more likely to develop negative misconceptions about nuclear energy than neutral misconceptions (again compared to energy sources viewed more favorably).

Our second goal is to test whether correcting specific misconceptions about nuclear energy leads to more positive attitudes toward nuclear energy. Studies suggest that factual corrections tend to reduce misperceptions, with some belief updating in the expected direction [START_REF] Van Der Linden | The Scientific Consensus on Climate Change as a Gateway Belief : Experimental Evidence[END_REF][START_REF] Guess | Does Counter-Attitudinal Information Cause Backlash ? Results from Three Large Survey Experiments[END_REF][START_REF] Wood | The Elusive Backfire Effect : Mass Attitudes' Steadfast Factual Adherence[END_REF], for some debates on the degree of effectiveness of these corrections, see, [START_REF] Ecker | Political Attitudes and the Processing of Misinformation Corrections[END_REF][START_REF] Kahan | A Note on the Perverse Effects of Actively Open-Minded Thinking on Climate-change Polarization[END_REF][START_REF] Nyhan | When Corrections Fail : The Persistence of Political Misperceptions[END_REF]. The issue of whether correcting specific misconceptions has an effect on broader attitudes is much murkier. Some experiments have found that correcting misconceptions has little effect on people's underlying attitudes or behaviors [START_REF] Barrera | Facts, alternative facts, and fact checking in times of post-truth politics[END_REF][START_REF] Porter | Correcting COVID-19 Vaccine Misinformation in Ten Countries[END_REF]. In other studies, however, corrections of misconceptions have been found to affect broader attitudes (at least in the domain of health misinformation, see, [START_REF] Walter | Evaluating the impact of attempts to correct health misinformation on social media: A meta-analysis[END_REF]. On the topic of nuclear energy in particular, a study suggested that arguments from credible sources about the potential benefits of nuclear energy could be effective (Wang, 2020), and another showed that arguments explaining the limited dangers of nuclear radiation during normal functioning of nuclear power plants led to a more positive opinion of nuclear energy [START_REF] Hacquin | Fear of contamination and public opinion on nuclear energy[END_REF], although see Ho et al. 2018).

The present experiments

In Experiments 1 and 2, we investigate the acquisition of misconceptions about nuclear energy.

To do so, participants were asked the extent to which various forms of energy productionincluding nuclear energy-rely on various substances, most of which are pollutants. Crucially, nuclear enegy relies on only one of these substances (tritium), while the other substances are completely absent from nuclear energy production. An advanced Google search conducted in September 2022 with the terms "nuclear energy" and "neodymium" or "nitrogen trifluoride" confirmed that no news article in the first ten Google pages had claimed that nuclear energy relies on these substances, which is to be expected because these substances are not well-known from the public and because nuclear energy doesn't rely on them. It is thus unlikely that participants could have acquired the belief that nuclear energy emits such substances prior to the experiments. If, nonetheless, participants believed that nuclear energy emits these substances, it would suggest that they had developed the misconception on the spot, and that this misconception is thus derived from people's beliefs about nuclear energy (e.g. that it emits various kinds of harmful substances). To make stronger causal claims about the acquisition of these new negative misconceptions, we also asked participants about substances that we had made-up, in which case we can be certain that the participants did not hold any misconception prior to the experiment (a technique used in the literature on overclaiming, see, e.g., [START_REF] Paulhus | The over-claiming technique: Measuring self-enhancement independent of ability[END_REF][START_REF] Atir | When Knowledge Knows No Bounds[END_REF].

In Experiments 3 and 4 we give participants arguments containing evidence that nuclear power emits low amounts of CO2, and test whether these arguments make participants more favorably disposed towards the reliance on nuclear energy to fight climate change. Since studies have observed an effect of misconception correction on broader attitudes in scientific domains, and in the domain of nuclear energy in particular, it is plausible that the same effect would be observed here, and thus that correcting the misperceptions that nuclear energy emits large amount of CO2 might affect broader attitudes towards it (e.g. whether nuclear energy is responsible for climate change).

Experiments 1 and 3 were conducted with U.K. participants, and Experiments 2 and 4 with French participants. These countries were chosen partly because of convenience, but they also have desirable properties. First, although both countries rely to a very different extent on nuclear power (approximatively 15% in the U.K and 70% in France), they both have nuclear reactors, making public opinion on the topic in each country very relevant (see for instance the importance of public opinion for the closure of nuclear plants in Germany, [START_REF] Nam | Comparative analysis of decision making regarding nuclear policy after the Fukushima Dai-ichi Nuclear Power Plant Accident: Case study in Germany and Japan[END_REF].

Second, as mentioned above, the misperception that nuclear power emits substantial amounts of CO2 was widespread in both countries.

Experiments

Transparency and Openness

We pre-registered each of the experiments' sample size, exclusion criterion, hypotheses, research questions, and statistical analyses. Data, scripts, and pre-registrations are available at https://osf.io/4ujbw/ [START_REF] Masurel | Nuclear Energy and CO2 Emissions[END_REF]. The reported analyses that were not pre-registered are in the 'exploratory analyses' sections.

In the statistical analyses below, we refer to 'statistically significant' as the p-value being lower than an alpha of 0.05. The Confidence Intervals (CI) reported are 95%. All statistical analyses were conducted in R (v.4.0.3), using R Studio (v. 1.3.1093). The reported betas (ß) come from ordinary least squares (OLS) regressions, while the correlation coefficients (r) are Pearson correlation coefficients. All statistical models are available in the pre-registration documents and in the R scripts accessible on OSF (https://osf.io/4ujbw/).

Experiment 1

The main goal of Experiment 1 is to test whether participants believe that nuclear energy relies on various harmful substances. Participants are asked whether five energy sources (several renewables, fossil fuels, and nuclear energy) rely on four substances. One substance was tritium, which is produced by nuclear power plants; the second was nitrogen trifluoride, a substance used to produce solar panels; the third was neodymium, a substance used to produce the motors of wind turbines; the fourth was drisonium, a made-up substance. All four substances were described as harmful (accurately for the three real substances). If participants believe that nuclear energy relies on nitrogen trifluoride or neodymium it is unlikely to be because of previously learned associations between nuclear energy and these substances-and impossible in the case of drisonium.

• H1: Participants estimate that nuclear energy relies on tritium more than the other energy sources, each considered separately.

• H2: Participants estimate that nuclear energy relies on nitrogen trifluoride more than solar energy.

• H3: Participants estimate that nuclear energy relies on neodymium more than wind turbines.

• H4: Participants estimate that nuclear energy relies on drisonium more than renewable energy, and natural gas, considered separately.

We also used Experiment 1 to establish a series of negative beliefs about nuclear energy. First, we wanted to confirm the existence of the misconception that nuclear energy emits significant amounts of CO2

• H5: Participants consider that nuclear power plants emit more CO2 than renewable energies (a), and natural gas (b), considered separately.

Secondly, we tested whether participant hold the belief that nuclear energy is harmful to the environment:

• H6: Participants consider that nuclear power plants are more harmful for the environment than renewable energies (a), and natural gas (b), considered separately.

Finally, we investigated the relationship between the specific misconception that nuclear energy emits CO2 and the belief that it is harmful to the environment:

• H7: Considering nuclear energy as harmful to the environment correlates with the belief that it emits CO2.

Participants

Based on a pre-registered power analysis, we recruited 200 U.K. participants on Prolific Academic. We removed two participants who failed the attention check, leaving 198 participants (140 women, MAge = 37.21, SD =12.56).

Materials, Design and Procedure

The present research received approval from an ethics committee (CER-Paris Descartes; N° 2019-03-MERCIER). Participants had to complete a consent form and an attention check (see Electronic Supplementary Materials (ESM)). Then, participants were asked about the danger they thought nuclear, natural gas, coal, wind, solar, and hydroelectric energy sources represented for the environment, and the amount of CO2 they emitted, with the two following questions: "How harmful do you think each of the following energy sources is for the We conducted ordinary least squares (OLS) regressions and controlled for multiple comparisons by applying the Benjamini-Hochberg method to H1-7 (which controls for the False-Discovery Rate and has a less negative impact on statistical power than alternative methods).

Results

Neodymium

In support of H1, participants estimated that nuclear energy relies on tritium more than renewables (ß = 1.25, t(790) = 18.16, p < .001), natural gas plants (ß = 0.99, t(394) = 11.33, p < .001), and coal (ß = 0.90, t(394) = 10.02, p < .001). Although this pattern fits with the accurate answer, since only nuclear energy relies on tritium, it is unclear whether it was due to genuine knowledge or the negative associations demonstrated by the next results.

In support of H2, compared to solar energy, participants estimated that nuclear energy relies more on nitrogen trifluoride (ß = 0.94, t(394) = 10.64, p < .001), even though solar energy, and not nuclear energy, relies on nitrogen trifluoride.

In support of H3, compared to wind turbines, participants estimated that nuclear energy relies more on neodymium (ß = 1.02, t(394) = 11.74, p < .001), even though wind turbines, and not nuclear energy, relies on neodymium.

In support of H4, participants estimated that nuclear energy relies on the harmful made-up substance drisonium more than renewables (ß = 0.93, t(790) = 12.41, p < .001), and natural gas (ß = 0.50, t(394) = 5.18, p < .001), even though none of these energy sources rely on it.

In support of H5a, participants considered that nuclear energy emitted more CO2 than renewable energies (ß = 0.89, t(691) = -11.62, p < .001), which is inaccurate (they all emit very small amounts of CO2).

Contrary to H5b, participants considered that nuclear energy emitted less CO2 than natural gas plants (ß = -0.52, t(394) = -5.37, p < .001), which is accurate.

In support of H6a and H6b, participants considered that nuclear energy caused greater harm to the environment than renewables (ß = 1.51, t(790) = 24.43, p < .001), and natural gas plants (ß = 0.53, t (394) = 5.43, p < .001).

In support of H7, CO2 emissions estimations correlated with the perceived negative ecological impact of nuclear energy (r = 0.46 [0.34, 0.56], p < .001).

The results from H2 to H4 are presented in Figure 2. power was particularly likely to rely on all three substances, although it is wind turbines that rely on neodymium, solar panels that rely on nitrogen trifluoride, and drisonium is made-up.

Responses range from 1 to 6, "1" means that the energy source does not rely at all on the substance and "6" that it relies a great deal on it.

Exploratory analysis

Finally, we investigated whether prior beliefs about nuclear energy are correlated with the acquisition of the belief that it relies on drisonium, a made-up substance described as harmful.

We found that the estimated impact of nuclear energy on climate change and its estimated level of CO2 emissions are both correlated with the belief that it emits drisonium (r = .26 [.13, .39] and r = .47 [.36, .57]).

Discussion

The results confirm the broadly negative perception of nuclear energy observed in the UK, with 54% of participants answering that it emitted some, a lot, or a great deal of CO2, and believing nuclear power to be more damaging to the environment than natural gas, a fossil fuel. More importantly, participants believed that nuclear energy relies more than other energy sourcesincluding renewables but also coal and natural gas-on a made-up harmful substance.

Participants also believed that nuclear energy relies on harmful substances such as neodymium and nitrogen trifluoride more than the energy sources actually relying on them. This suggests that specific negative misconceptions about nuclear energy are likely a byproduct of negative beliefs about nuclear energy (e.g. the belief that it emits pollutants).

Experiment 2

Experiment 2 replicates in a different population (French participants) the results of Experiment 1, while improving on its design. First, we expect to observe the same association between nuclear power and various substances:

• H1: Participants estimate that nuclear energy relies on nitrogen trifluoride more than solar energy.

• H2: Participants estimate that nuclear energy relies on neodymium more than wind turbines.

• H3: Participants estimate that nuclear energy relies on calisnon more than renewables and natural gas.

The name of the made-up substance has been changed from drisonium to calisnon, so that the name might not be phonetically associated with nuclear energy. In the previous experiment, all the products were described as harmful. The results of the experiment could thus be explained by a general tendency to associate any substance, regardless of its harmfulness, to nuclear energy. To test whether participants' bias is specific to harmful substances we introduced a new made-up substance, described as harmless. We then compared whether participants were more likely to associate energy sources with the harmful or the harmless made-up substances.

• H4: Compared to renewable, participants will associate nuclear energy with the harmful made-up substance more than with the harmless made-up substance.

We also tested the hypotheses regarding the negative image of nuclear energy and its production of CO2:

• H5: Participants consider that nuclear power plants emit more CO2 than renewable energies (a), and natural gas (b), considered separately.

• H6: Participants consider that nuclear power plants are more harmful for the environment than renewable energies (a), and natural gas (b), considered separately.

• H7: Considering nuclear energy as harmful to the environment correlates with the belief that it emits CO2.

Finally, to test whether the perception that nuclear plants emit large amounts of harmful substances is driven by the image of their chimneys emitting large clouds of smoke, we asked participants whether they believed that certain pollutants could be found in that smoke:

• H8: Participants wrongly associate pollutants with smoke emitted from nuclear power plant stacks.

Participants

Figure 3. Distributions and means of the rated associations between energy sources and various substances described as harmful. In panel a and b, responses range from 1 to 6, "1" means that the energy source does not rely at all on the substance while "6" that it relies a great deal on it. In panel c, the mean difference between calisnon and tranain captures the extent to which participants estimated that the energy sources relied on the harmful made-up substance more than on the harmless made-up substance.

In support of H1, participants estimated that nuclear energy relies on nitrogen trifluoride more than solar energy (ß = 1.32, t(406) = 8.43, p < .001), even though solar energy, and not nuclear energy, relies on nitrogen trifluoride.

In support of H2, participants estimated that nuclear energy relies on neodymium more than wind turbines (ß = 0.88, t(406) = 5.52, p < .001), even though wind turbines, and not nuclear energy, relies on neodymium.

In support of H3, participants estimated that nuclear energy relies on the harmful made-up substance calisnon more than renewables (ß = 1.00, t(814) = 8.19, p < .001), and natural gas (ß = 0.62, t(406) = 3.74, p < .001). In support of H4, compared to renewables, participants were more likely to associate nuclear energy with the harmful rather than with the harmless made-up substance (ß = 0.39, t(814) =4.95, p < .001). In particular, participants estimated that nuclear energy relies on calisnon (harmful made-up substance) more than tranain (harmless made-up substance), whereas they estimated that renewables rely on tranain more than calisnon (see Figure 3).

In support of H5a, participants considered that nuclear power plants emitted more CO2 than renewables (ß = 1.46, t(814) = 13.36, p < .001), but contrary to H5b, that nuclear energy emitted less CO2 than natural gas plants (ß = -0.30, t(406) = -2.09, p = 0.038).

In support of H6a and H6b, participants considered that nuclear plants were more harmful for the environment than renewables (ß = 2.19, t(814) = 21.90, p < .001), and natural gas plants (ß = 0.72, t(406) = 5.96, p < .001).

In support of H7, we found that estimations of CO2 emissions correlated with the perceived ecological impact of nuclear energy (r = 0.57, t(202) = 9.96, p < .001).

To test H8, we calculated a nuclear pollution score that quantifies the degree to which each participant thinks nuclear energy emits some pollutant through its chimneys. The correct answer (water vapor) yielded -1, while each incorrect answer yielded a +1. The score thus ranged from -1 (participants who correctly only answered water vapor) to 3 (participants who answered all the pollutants, but not water vapor). A t-test enabled us to reject the null hypothesis according to which the mean of the scores was equal to -1 (Mean = -.10, t(1223) = 27.43, p < .001). Descriptively, 55% mentioned only water vapor, 20% mentioned toxic gas, 11% mentioned radioactive gas, 34% mentioned CO2.

Exploratory analysis

Finally, we investigated whether prior beliefs about nuclear energy are associated with the acquisition of the belief that it relies on harmful, rather harmless, made-up substances. We found that the estimated impact of nuclear energy on climate change and its estimated level of CO2 emissions are (weakly) correlated with the belief that nuclear energy relies on harmful rather than harmless made-up substances (r = .16 [.02, .29]). In other words, the more participants believed that nuclear energy contributes to climate change and emits CO2, the more likely they were to develop the belief that it relies on harmful made-up substances rather than harmless made-up substances.

Discussion

Experiment 2 replicated and extended the results of Experiment 1 in a different population (France instead of UK). The results show the broadly negative perception of nuclear energy in France, with 56% of participants answering that it emitted some, a lot, or a great deal of CO2, and believing nuclear power to be more damaging to the environment than natural gas, a fossil fuel. The results confirm that participants easily develop specific misconceptions about substances that nuclear energy relies on, and that this acquisition is facilitated when the substances are described as harmful rather than harmless. The opposite is true for renewables.

We also found that nearly half of the participants believe the smoke emitted by nuclear power plants' chimneys to contain pollutants. Overall, Experiment 2 thus further suggests that the specific harmful effects attributed to nuclear power are a byproduct of negative prior beliefs about nuclear energy.

Experiment 3

Experiments 1 and 2 show that people think that nuclear energy relies on harmful substances that are in no way related to nuclear energy. This suggests that general negative beliefs about nuclear energy drives these attributions, which could explain why so many people also believe that nuclear energy emits significant amounts of CO2, an especially problematic misconception. In Experiment 3, we test whether reading an argument dispelling this misconception leads participants to believe that nuclear energy contributes less to climate change (H2). To control for task demands, other participants were presented with arguments in favor of nuclear energy, but which were unrelated to its CO2 emissions: one bore on the harmlessness of radioactivity during normal nuclear plant functioning, and the other on some advantages of nuclear energy in terms of energy supply 2 . We also formulated hypotheses bearing on these two arguments, leading to the following hypotheses:

• H1: Participants who read the argument on the low CO2 emissions of nuclear energy believe that it emits less CO2 than those who read arguments on the topics of radioactivity and energy supply, controlling for participant's prior opinions.

• H2: Participants who read the argument on the low CO2 emissions of nuclear energy believe that nuclear energy contributes less to climate change than participants who read arguments on the topics of radioactivity and energy supply, controlling for participant's prior opinions.

• H3: Participants who read the argument on the harmlessness of the radioactivity emitted by nuclear energy consider the radiation levels of nuclear energy to be less dangerous than participants who read arguments on the topics of CO2 emissions and energy supply, controlling for participant's prior opinions.

2 Two studies offering support for H1 were conducted prior to Experiment 3 (see ESM). However, these results are open to an alternative interpretation: the CO2 Emissions Argument was accompanied by another argument, which led to an increased perception that renewables emit CO2. This increase could in turn explain why participants believed that nuclear energy plays a relatively smaller role in climate change, without any change in the absolute role of nuclear energy.

• H4: Participants who read the argument on the positive contribution of nuclear energy to the stability of energy supply consider nuclear energy benefits regarding energy supply to be higher than participants who read arguments on the topics of CO2 emissions and radioactivity, controlling for participant's prior opinions.

Participants

Based on a pre-registered power analysis, we recruited 305 UK participants on Prolific Academic. We removed nine participants who failed the attention check, leaving 296 participants (201 women, MAge = 37.57, SD = 11,82).

Materials and procedure

After completing a consent form, participants were asked their opinion on nuclear energy.

Afterwards, participants were assigned to one of three conditions, and they received one of three arguments in favor of nuclear energy: an argument on the benefits of nuclear energy regarding the stability of the energy supply (Energy Supply Condition); an argument on the limited CO2 emissions of nuclear energy production (CO2 Emission Condition); and an argument on the limited effect of nuclear radiation (Radiation Condition). Opinions on nuclear energy were measured again.

Opinions on nuclear energy before and after treatment were measured as follows.

Opinion on the amount of CO2 emitted from nuclear power plants was measured with: "How that nuclear energy produces the same, low amount of CO2 as renewables (such as solar power or wind power), which is around 70 times less than natural gas power plants, 120 times less than fuel-fired power plants, and 180 times less than coal power plants.

Nuclear plants and renewables hence emit a very low amount of CO2 to produce energy in comparison with other energy sources.

Radiation Argument

Radioactivity is completely unlike a viral or bacterial disease: low doses of radiation are perfectly harmless, and radiation is not contagious. Radiation exposure can occur from natural sources, such as radioactivity in rocks and soil, or cosmic radiation.

Radiation arising from human activities is not different from natural radiation. Less than 1% of exposure is due to the generation of electricity in nuclear power plants. You get more exposure to radiation by taking a plane or getting a dental X-ray than by living next to a nuclear power plant.

Energy Supply Argument

We need to build new nuclear power plants because even if we develop as much as possible wind, solar, biomass and existing hydraulic power, it will not be possible to supply all the electricity we need, especially with the increasing use of new technologies and electric vehicles. When there is no wind or no sun, nuclear power plants are able to take over the production of electricity.

Results

A linear regression with perceptions post-treatment regressed on perceptions pre-treatment, showed that our manipulation check was validated: after having read the CO2 Emission Argument participants estimated that nuclear energy emits less CO2 (b = -1.26, t(178.54) = -6.51, p < .001)-while reading the CO2 Emission Argument did not lead to a significant increase in the perceived CO2 emissions of renewables (b = -.18, t(191.01) = 1.49, p = .14).

To test the hypotheses reported below, we regressed perceptions post-treatment on a dummy variable "Condition" with nuclear energy set as baseline, and added perceptions pre-treatment as predictor to control for this factor. Figure 4 and Table 1 offer a descriptive overview of the results.

In favor of H1, after having read the CO2 Emission Argument, participants estimated that nuclear energy emits less CO2 compared to participants who read the Energy Supply Argument (ß = -1.07, t(292) = -7.72, p < .001), and participants who read the Radiation Argument (ß = -0.52, t(292) = -3.71, p < .001), controlling for participants' prior opinions.

In favor of H2, after having read the CO2 Emission Argument, participants believed that nuclear energy contributes less to climate change compared to participants who read the Energy Supply Argument (ß = -0.83, t(292) = -5.81, p < .001) and participants who read the Radiation Argument (ß = -0.40, t(292) = -2.83, p = 0.006)-controlling for participants' prior opinions.

In favor of H3, after having read the Radiation Argument, participant believed that nuclear energy was less dangerous for health compared to participants who read the CO2 Emission Argument (ß = -0.74 , t(292) = -5.88, p < .001) and participants who read the Energy Supply Argument (ß = -0.88, t(292) = -7.10, p < .001)-controlling for participants' prior opinions.

In favor of H4, after having read the Energy Supply Argument, participants believed that nuclear energy was a better asset in terms of energy supply compared to participants who read The red, green, and grey lines respectively indicate participants whose scores have increased, decreased, or not changed after reading the argument. In each condition, scores range from 1 to 6, and correspond to participants considering nuclear energy to be from "not at all" (1) to "a very large" (6) contributor to climate change. 

CO2 Energy supply

Discussion

Participants were presented with one of three arguments in favor of nuclear energy, one of which explaining that it emitted very low amounts of CO2. Each argument changed participants' beliefs regarding its specific content, and the argument regarding CO2 emissions also led participants to believe that nuclear energy was less responsible for climate change.

In favor of H1, after having read the CO2 Emission Argument, participants estimated that nuclear energy emits less CO2 compared to participants who read the Energy Supply Argument (ß = -0.79, t(301) = -5.50, p < .001]) and participants who read the Radiation Argument (ß = -0.69, t(301) = -4.82, p < .001), controlling for participants' prior opinions.

In favor of H2, after having read the CO2 Emission Argument, participants believed that nuclear energy contributes less to climate change compared to participants who read the Energy Supply Argument (ß = -0.72, t(292) = -4.77, p < .001) and participants who read the Radiation Argument (ß = -0.44, t(301) = -2.92, p = 0.010]), controlling for participants' prior opinions.

In favor of H3, after having read the Radiation Argument, participants believed that nuclear energy was less dangerous for health compared to participants who read the CO2 Emission Argument (ß = -0.49, t(301) = -4.74, p < .001) and participants who read the Energy Supply Argument (ß = -0.69, t(301) = -6.68, p < .001]), controlling for participants' prior opinions.

Regarding H4, after having read the Energy Supply Argument, participants were not significantly more likely to believe that nuclear energy was a better asset in terms of energy supply compared to participants who read the CO2 Emission Argument (ß = 0.14, t(301) = 1.57, p = 0.127), controlling for participants' prior opinions. However, after having read the Energy Supply Argument, participants believed that nuclear energy was a better asset in terms of energy supply compared to participants who read the Radiation Argument (ß = 0.31, t(301) = 3.42, p < .001), controlling for participants' prior opinions.

Regarding general opinion on nuclear energy, reading the CO2 Emission Argument (ß = 0.28, t(196.85) = 1.98, p = 0.060), or the Energy Supply Argument (ß = 0.23, t(201.96) = 1.39, p = 0.166) had no significant effect on general opinion on nuclear energy, whereas reading the Radiation Argument improved participants general opinion on nuclear energy (ß = 0.36, t(202.59) = 2.16, p = 0.032). Note that here we use a binary cutoff (alpha = 5% after correction) but that the effect of these three conditions are not statistically distinguishable from each other. 

CO2 Energy supply

Discussion

Experiment 4 replicated the main results of Experiment 3, with the exception that the argument bearing on energy supply proved less effective. Moreover, the radiation argument improved the general opinion on nuclear energy. These results confirm that informing participants that nuclear energy emits low amounts of CO2 is effective in reducing their belief that nuclear energy contributes to climate change.

Conclusion

In most countries, people's opinion on nuclear energy diverges from that of experts both on specific points (e.g. how much CO2 nuclear energy emits), and in broader attitudes (in particular, the role of nuclear energy in causing or addressing climate change). In two experiments (in the UK and France), we show that participants quickly form novel misconceptions about nuclear energy: nuclear energy is particularly likely to be associated with harmful substances actually generated by renewable energy, or even with made-up substances.

Since such misconceptions could not have been acquired previously by the participants, their emergence during the experiment shows that the misconceptions are driven by negative beliefs about nuclear energy. Moreover, both experiments confirm that participants hold overly negative beliefs about nuclear energy, in particular regarding its emissions of CO2 (mistakenly judged to be significantly higher than those of renewables), and its impact on the environment (judged to be higher than that of natural gas, a fossil fuel). These results are compatible with an interpretation in terms of motivated reasoning, by which participants would attribute negative traits to nuclear energy to justify their rejection of this type of energy production [START_REF] Haidt | The emotional dog and its rational tail: A social intuitionist approach to moral judgment[END_REF][START_REF] Kunda | The case for motivated reasoning[END_REF][START_REF] Mercier | Why do humans reason? Arguments for an argumentative theory[END_REF]. However, the results could also be interpreted as reflecting a rational mechanism of Bayesian updating, by which participants'

negative prior beliefs about nuclear energy would be used to interpret novel evidence (see, [START_REF] Tappin | Bayesian or biased? Analytic thinking and political belief updating[END_REF].

Why would people hold overly negative beliefs about nuclear energy? A common answer is that these negative beliefs are caused by the media (e.g. [START_REF] Gamson | Media Discourse and Public Opinion on Nuclear Power: A Constructionist Approach[END_REF][START_REF] Koerner | Media, fear, and nuclear energy: A case study[END_REF][START_REF] Palfreman | A tale of two fears: Exploring media depictions of nuclear power and global warming[END_REF], whose coverage of nuclear energy tends to be negative (see, e.g., [START_REF] Friedman | Reporting on Radiation: A Content Analysis of Chernobyl Coverage[END_REF][START_REF] Stowers | Media Coverage of Nuclear Power[END_REF][START_REF] Koerner | Media, fear, and nuclear energy: A case study[END_REF]. It has also been suggested that these negative beliefs could be driven by deeper cognitive factors: nuclear energy might trigger a 'behavioral immune system,' (see, e.g. [START_REF] Tybur | Human pathogen avoidance adaptations[END_REF], leading to an overly strong fear of radiation and, in turn, of nuclear energy more generally [START_REF] Hacquin | Fear of contamination and public opinion on nuclear energy[END_REF][START_REF] Rozin | Technological stigma. In Risk, media and stigma: understanding public challenges to modern science and technology[END_REF].

Whatever the cause of these negative beliefs about nuclear energy might be, they are persistent, prevalent across many countries, and, according to the present experiments, they appear to cause specific misconceptions about nuclear energy. As a result, it might seem futile to attempt to tackle these specific misconceptions, such as the widespread idea that nuclear energy releases significant amounts of CO2. However, in Experiments 3 and 4, we show that informing participants (in the UK and France) about the low levels of CO2 emitted by nuclear energy leads them not only to change their minds on this specific point, but also more generally on the role played by nuclear energy in climate change. As a result, targeted information campaigns might be able to correct specific misconceptions about nuclear energy, and to bring public opinion closer to expert opinion on the topic of nuclear energy.

Our research has several limitations. Although arguably the most problematic misconception about nuclear energy is that it emits significant amounts of CO2, Experiments 1 and 2 did not directly test whether this misconception is caused by generally negative attitudes towards nuclear energy, an issue that future studies might attempt to test. The length of the arguments across the conditions of Experiments 3 and 4 was not equated, such that the greater persuasiveness of the CO2 argument could be partly attributed to its greater length. However, differences in length cannot account for the differences in the domains in which the CO2 argument proved more persuasive (i.e. CO2 production and climate change), or for the fact that no differences in persuasiveness were observed across arguments of different length (e.g. CO2 and radiation arguments). Another limitation is that our results have been gathered in two western countries, with broadly similar perceptions of nuclear power. Although these results are of practical import, since both France and the UK rely on nuclear power, from a theoretical point of view, it would be interesting to replicate our results in countries with more positive or more negative attitudes towards nuclear energy. In other words, we do not assume that our results would replicate in different national contexts.

Besides overcoming these two limitations, future studies could also address, for instance, the importance of the source of the arguments provided to participants: would a source perceived as being pro-nuclear energy lower the persuasiveness of the pro-nuclear energy arguments, and vice versa? Despite their limitations, our experiments help better understand the origin of misconceptions about nuclear energy, and how they can be remedied.

  environment?" ([Not at all], [Very little], [Little], [Somewhat], [Very], [Extremely]), and "How much CO2 do you think each of the following energy sources emits?" ([Not at all], [Very little], [Little], [Some], [A lot], [A great deal]). Participants were then asked the extent to which these energy sources relied on four substances: tritium, nitrogen trifluoride, neodymium, and drisonium. "[Substance name] is a dangerous substance that some energy sources rely on to produce electricity. To what extent do you think each of the following energy sources relies on [Substance name]?" ([Not at all], [Very little, [Little], [Some], [A lot], [A great deal]). Finally, participants provided demographic information. Figure 1 offers an overview of the substances used in Experiment 1 and Experiment 2.
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 1 Figure 1. Overview of the substances used in Experiments 1 and 2. Tritium is emitted

Figure 2 .

 2 Figure 2. Distributions and means representing the extent to which the energy sources were

  much CO2 do you think each of the following energy sources emits?" ([None at all], [A very small amount], [A small amount], [An average amount], [A large amount], [A very large amount]). Opinion on the contribution of different energy sources to climate change was measured with: "To what extent do you consider that each of the following energy sources contributes to climate change?" (Coal, Nuclear, Natural Gas, Oil, Solar, Wind) ([None at all], [A very small amount], [A small amount], [An average amount], [A large amount], [A very large amount]). Opinion on the radioactive dangers of nuclear energy on health was measured with: "Do you think that nuclear power plants emit dangerous levels of radiation that could lead to health problems?" ([Strongly disagree], [Somewhat disagree], [Neither agree nor disagree], [Somewhat agree], [Strongly agree]). Opinion on the benefits of nuclear energy considering the stability of energy supply was measured with: "Do you think that the use of nuclear power is necessary to guarantee energy supply?" ([Strongly disagree], [Somewhat disagree], [Neither agree nor disagree], [Somewhat agree], [Strongly agree]). The three following arguments were used: CO2 Emission Argument CO2 emissions are the main driver of climate change, and most efforts aimed at slowing climate change have focused on reducing our production of CO2. It has been established

  the CO2 Emission Argument (ß = 0.22, t(292) = 2.25, p = 0.025) and participants who read the Radiation Argument (ß = 0.44, t(292) = 4.59, p < .001])-controlling for participants' prior opinions.
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 4 Figure 4. Pre-and post-treatment opinion that nuclear energy contributes to climate
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 5 Figure 5. Pre-and post-treatment opinion that nuclear energy contributes to climate
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 1 Means and Standard Deviations of perceptions pre-and post-treatment, as a function of the type of argument provided.
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 2 Means and Standard Deviations of perceptions pre-and post-treatment, as a function of the type of argument provided.

	Radiation
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Based on a pre-registered power analysis, we recruited 209 French participants on Crowdpanel.

We removed four participants who failed the attention check, and one who didn't report his age, leaving 204 participants (110 women, MAge = 41.85, SD = 13.67).

Materials, Design and Procedure

Materials, design, and procedure are identical to the first experiment, except that we introduced two made-up substances instead of one (tranain, described as harmless, and calisnon, described as harmful), and added a question concerning the content of nuclear power plants' chimney's emissions. The French translations were done and checked by native speakers.

We measured the belief that nuclear energy emitted pollutants through their chimneys with the question: "According to you, what is the smoke going out of the nuclear power plants chimneys made of? You can select several options" ([Toxic gas], [Water vapor], [CO2], [Radioactive gas]). Note that the correct answer here is water vapor.

Results

We conducted ordinary least squares (OLS) regressions and controlled for multiple comparisons applying the Benjamini-Hochberg method to H1-8. The results from H1-4 are presented in Figure 3. First, we found that participants believed nuclear energy relies on nitrogen trifluoride more than solar energy (panel a), and that nuclear energy relies on neodymium more than wind turbines (panel b). Second, we see in panel c that nuclear energy (in yellow) and coal (in red) were rated as relying on the harmful made-up substance more than on the harmless made-up substance. Whereas renewables (in blue) were rated as relying on the harmless made-up substance more than on the harmful made-up substance.

Experiment 4

To test the robustness of the results of Experiment 3, it was replicated with French participants (instead of UK participants). The only change was the addition of a question measuring general opinion on nuclear energy, added for exploratory purposes.

Participants

Based on a pre-registered power analysis, we recruited 309 French participants on Crowdpanel.

We removed four participants who failed the attention check, leaving 305 participants ( 169women, MAge = 40.02, SD = 13.3).

Methods

Procedures and materials are identical to those of Experiment 3, with the addition of the following question: "Do you think that nuclear energy is a good energy source?" ([Strongly disagree], [Somewhat disagree], [Neither agree nor disagree], [Somewhat agree], [Strongly agree]). The French translations were written and checked by native speakers.

Results

A linear regression with perceptions post-regressed on perceptions pre-treatment, showed that our manipulation was validated: after having read the argument on CO2 emissions participants estimated that nuclear energy emits less CO2 (b = -0.79, t(182.83) = -3.61, p < .001)-while reading the CO2 Emission Argument did not lead to a significant increase in the perceived CO2 emissions of renewables (b = -.15, t(196.93) = 1.11, p = .27).

To test the hypotheses reported below, we regressed perceptions post-treatment on a dummy variable "Condition" with nuclear energy set as baseline, and added perceptions pre-treatment as predictor to control for it. Figure 5 and Table 2 offer a descriptive overview of the results.